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ABSTRACT 
 
 
This thesis presents an experimental study on the punching strengthening of reinforced 
concrete slabs using CFRP plates.  
 
     Six specimens with two different reinforcement ratios-two series each of three 
specimens- were prepared for this study. All specimens are two-way square slabs with a 
central column stub. For each series one specimen was left un-strengthened, the control 
specimen, the second  specimen was strengthened with CFRP plates   placed at the middle of 
the first expected punching shear zone in the four directions and the third specimen was 
strengthened with two plates- placed side by side-  bonded to the slab at the face of the central 
column stub  in the four directions. All laminates were extended for the full length of the slab 
to reduce the risk of deboning failure. 
  
The failure for all the strengthened slabs was due to debonding of the laminates which 
led to premature failure of the slabs; without increase in the ultimate load compare with the 
un-strengthened slabs.  
 
 The strengthened slabs showed a remarkable improvement in the service condition-
deflection and cracking- but a brittle mode of failure.  
 
Depending on the experimental results the use of CFRP plates for punching shear 
strengthening for slabs requires reliable means of preventing debonding. 
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  ﻣﺴﺘﺨﻠﺺ
ﻤﻌﻤﻠﻴﻪ ﻟﺘﻘﻭﻴﺔ ﺍﻟﺒﻼﻁﺎﺕ ﺍﻟﺨﺭﺴﺎﻨﻴﻪ ﻟﻼﺨﺘﺭﺍﻕ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺸﺭﺍﺌﺢ ﻤﻥ  ﺔﺴﺔ ﺘﻘﺩﻡ ﺩﺭﺍﺴﻫﺫﻩ ﺍﻟﺩﺭﺍ
  .ﺍﻟﻴﺎﻑ ﺍﻟﺘﺴﻠﻴﺢ  ﺍﻟﻜﺭﺒﻭﻨﻴﻪ ﺍﻟﻤﻠﺘﺼﻘﺔ ﺨﺎﺭﺠﻴﺎ  ﻋﻠﻰ ﺴﻁﺢ ﺍﻟﺨﺭﺴﺎﻨﺔ
ﻗﺴﻤﺕ ﻟﻤﺠﻤﻭﻋﺘﻴﻥ  - ﺘﻴﻥ ﻤﺨﺘﻠﻔﺘﻴﻥﻴﺴﺎﺴﺃﺘﺴﻠﻴﺢ  ﻲﻋﻴﻨﺎﺕ ﺒﻨﺴﺒﺘ ﺔﺴﺘ ﺔﻫﺫﻩ ﺍﻟﺩﺭﺍﺴ ﻲﺍﺴﺘﺨﺩﻤﺕ ﻓ  
ﻤﻊ ﻭﺠﻭﺩ  ،ﻥﻋﻥ ﺒﻼﻁﺎﺕ ﻤﺴﻁﺤﻪ ﺫﺍﺕ ﺍﺘﺠﺎﻫﻴ ﺓﺕ ﻋﺒﺎﺭﻜل ﺍﻟﻌﻴﻨﺎﺕ ﻜﺎﻨ - ﻴﻨﺎﺕﺔ ﻋﻜل ﻤﺠﻤﻭﻋﻪ ﺒﻬﺎ ﺜﻼﺜ
 ﺔﺍﻟﻌﻴﻨ ،(ﻋﻴﻨﺔ ﺍﻟﺘﺤﻜﻡ) ﻜل ﻤﺠﻤﻭﻋﻪ ﺘﺭﻜﺕ ﻋﻴﻨﻪ ﻭﺍﺤﺩﻩ ﻤﻥ ﻏﻴﺭ ﺘﻘﻭﻴﻪ  ﻲﻓ ،ﺍﻟﻤﻨﺘﺼﻑ ﻲﻋﻤﻭﺩ ﺼﻐﻴﺭ ﻓ
ﺍﻟﺜﺎﻨﻴﺔ ﻗﻭﻴﺕ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺸﺭﺍﺌﺢ ﻤﻥ ﺍﻟﻴﺎﻑ ﺍﻟﻜﺭﺒﻭﻥ ﺍﻟﺒﻭﻟﻴﻤﺭﻴﻪ ﻟﺼﻘﺕ ﻋﻠﻰ ﺴﻁﺢ ﺍﻟﺨﺭﺴﺎﻨﻪ ﻓﻰ ﻤﻨﺘﺼﻑ 
ﺍﻟﻌﻴﻨﺔ ﺍﻟﺜﺎﻟﺜﺔ ﻗﻭﻴﺕ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺸﺭﻴﺤﺘﻴﻥ ﻤﻥ ، ﺎﻫﺎﺕ ﺤﻭل ﺍﻟﻌﻤﻭﺩﻤﻨﻁﻘﺔ ﺍﻻﺨﺘﺭﺍﻕ ﺍﻟﻤﺘﻭﻗﻌﻪ ﻓﻰ ﺍﻻﺭﺒﻊ ﺍﺘﺠ
ﺭﺒﻌﺔ ﺍﻷ ﻲﺍﻟﻴﺎﻑ ﺍﻟﻜﺭﺒﻭﻥ ﺍﻟﺒﻭﻟﻴﻤﺭﻴﻪ ﺠﻨﺒﺎ ﺍﻟﻰ ﺠﻨﺏ ﻟﺼﻘﺕ ﻋﻠﻰ ﺴﻁﺢ ﺍﻟﺨﺭﺴﺎﻨﺔ ﻋﻨﺩ ﺤﺎﻓﺔ ﺍﻟﻌﻤﻭﺩ ﻓ
  . ﻜل ﺍﻟﺸﺭﺍﺌﺢ  ﻤﺩﺕ ﻋﻠﻰ ﻁﻭل ﺍﻟﺒﻼﻁﺔ ﻟﺘﻘﻠﻴل ﺨﻁﺭ ﺍﻻﻨﻔﺼﺎل ،ﺍﺘﺠﺎﻫﺎﺕ ﺤﻭل ﺍﻟﻌﻤﻭﺩ
ﻤﻤﺎ ﺍﺩﻯ ﺍﻟﻰ  ﺼﺎل ﺸﺭﺍﺌﺢ ﺍﻟﻜﺭﺒﻭﻥ ﻤﻥ ﺴﻁﺢ ﺍﻟﺨﺭﺴﺎﻨﻪﻜﺎﻥ ﺍﻻﻨﻬﻴﺎﺭ ﻟﻜل ﺍﻟﺒﻼﻁﺎﺕ ﻨﺘﻴﺠﺔ ﻻﻨﻔ   
 ﻲﺘﺤﺴﻨﺎ ﻤﻠﺤﻭﻅﺎ ﻓ ﺔﻅﻬﺭﺕ ﺍﻟﺒﻼﻁﺎﺕ ﺍﻟﻤﻘﻭﻴﺃ. ﺍﻨﻬﻴﺎﺭ ﻏﻴﺭ ﻨﺎﻀﺞ ﺒﺩﻭﻥ ﺫﻴﺎﺩﺓ ﻓﻰ ﺍﻟﺤﻤل ﺍﻟﺤﺩﻯ ﺍﻻﻗﺼﻰ
  .ﻟﻜﻥ ﻜﺎﻥ ﺍﻻﻨﻬﻴﺎﺭ ﻫﺸﺎ ، ﺤﻴﺙ ﻗﻠﺕ ﺍﻟﺘﺸﻘﻘﺎﺕ ﻭﻗﻴﻡ ﺍﻟﺘﺭﺨﻴﻡ ، ﺤﺎﻟﺔ ﺍﻻﺴﺘﺨﺩﺍﻡ
ﻡ ﺸﺭﺍﺌﺢ ﺍﻟﻜﺭﺒﻭﻥ ﺍﻟﻤﻠﺘﺼﻘﻪ ﺨﺎﺭﺠﻴﺎ ﺍﺴﺘﺨﺩﺍ ﺔ،ﺒﻨﺎﺀ ﻋﻠﻰ ﺍﻟﻨﺘﺎﺌﺞ ﺍﻟﻤﺘﺤﺼل ﻋﻠﻴﻬﺎ ﻤﻥ ﺍﻟﺘﺠﺭﺒ 
 .ﻟﺘﻘﻭﻴﺔ ﺍﻟﺒﻼﻁﺎﺕ ﻟﻼﺨﺘﺭﺍﻕ ﻴﺤﺘﺎﺝ ﺍﻟﻰ ﻭﺴﺎﺌل ﻤﻼﺌﻤﻪ ﻟﻤﻨﻊ ﺍﻨﻔﺼﺎل ﺍﻟﺸﺭﺍﺌﺢ ﻤﻥ ﺴﻁﺢ ﺍﻟﺨﺭﺴﺎﻨﻪ
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CHAPTER 1  
INTRODUCTION 
 
  
1.1 General:  
Throughout the world, an increasing number of reinforced concrete (RC) 
structures are being assessed as unsafe. The reasons for this include loads 
greater than the design capacity arising from alteration, new stringent design 
codes requirements, especially for earthquakes resistance and, in some cases, 
deterioration of the structural members. Such structures must be strengthened or 
retrofitted in order to serving their intended purpose. 
 Recently, after the collapse of World Trade Center (WTC), and 
appearance of the terror phenomena, the first tendency to strengthen important 
existing buildings to resist explosion became dominant in the western world (53). 
In general, concrete structures need strengthening for the following 
reasons: 
? To increase live-load capacity for buildings or bridges to meet new use 
requirements. 
? To add reinforcement to a member that has been under designed or 
wrongly constructed. 
? To improve seismic resistance, by improving the member behavior, or 
improving continuity between members. 
? To replace or supplement reinforcement lost by impact or corrosion. 
? To improve the explosion resistance. 
 
1.2 Strengthening Solutions: 
 Strengthening solutions considered in a feasibility study can range from 
repair of a damaged structure in order to restore its original strength to adding 
elements to increase its capacity. All solutions are, to a greater or lesser extent, 
project-specific but some general approaches are commonly used.  
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Repair typically involves crack injection or breaking out damaged areas 
and reinstating with cementation  repair mortars or flowing concrete in order  to 
restore the original strength of a structure.  
   In case the structural capacity is not adequate, there are various forms of 
strengthening techniques which might be applied to increase the capacity of the 
concrete structure. The most common techniques are as flows: 
 
1.2.1 Increasing the reinforced concrete cross-section 
        This solution is usually readily accepted by approved authorities and 
owners of structures as it has a proven track record. However, loading 
restrictions are required while the concrete cures to an acceptable strength. 
 
1.2.2 Adding pre-stressing to relieve dead load 
        This technique has also a proven track record and gains ready acceptance 
but loading restrictions may be required during installation and the existing 
structure must be capable of withstanding high local pre-stressing forces. 
 
1.2.3 Use of plate bonding to enhance flexural capacity of beams 
       Steel plate bonding has been widely used and can be considered to have a 
proven track record. Disadvantages of the technique are the difficulty of 
handling the plates, the difficulty of cutting to shape, the difficulty of anchoring 
the plates to the concrete section without causing damage to embedded 
reinforcement and the need to apply and maintain corrosion protection. 
 
1.2.4 Confinement of the concrete in compression members 
        This can be achieved by installing in situ reinforced concrete or 
prefabricated steel collars. The technique tends to be readily accepted as the 
increase in the cross-section can be clearly seen but with in situ reinforced 
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concrete collars loading restrictions on the structure are required while the 
concrete gains strength. 
Traditional retrofitting techniques do not always offer the most 
appropriate solutions from the practical and economical point of view.  
Search for other solutions led to the manufacture of the fiber reinforced 
polymer (FRP) materials, these found wide acceptance and attractiveness as 
externally bonded reinforcement techniques using epoxy adhesive. The 
development of high strength-to-weight ratio, ease of fabrication and bonding 
and excellent resistance to electrochemical corrosion of fibre reinforced polymer 
(FRP) composites have given this technique even more acceptance worldwide.  
 
1.3 Problem Statement  
 Reinforced concrete flat plates are commonly used structural systems. 
Slabs supported directly on columns provide architectural flexibility, reduced 
building height and give clear space due to the absence of beams. One of the 
most important phenomena related to flat plates is the vulnerability of these 
systems to punching shear failure; figure (1.1) shows partial collapse of flat 
slabs systems due to punching shear failure.  
In order to increase punching shear strength of slab–column connections, 
various forms of shear reinforcement, column capitals and drop panels were 
investigated. Shear reinforcement in the form of bent bars, shear studs and heads 
were used and proved to be effective in increasing punching shear capacity. 
            The main theme of this research is to study the effectiveness of 
externally bonded carbon fibre reinforced polymer (CFRP)  to enhance the shear 
capacity of flat slabs at the slab-column connection. 
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1.4 Research Scope and Objectives 
The main objectives of this research are 
? To provide experimental evidence for the feasibility of the carbon fibre 
reinforced polymer (CFRP) strengthening technique to enhance the 
punching shear capacity for flat slabs systems.  
?  Verification for the analytically based expressions proposed to evaluate 
the punching shear capacity of slabs and footings. 
 
1.5 Fibre Reinforced Polymers Types and Properties: 
 
1.5.1 Types of Fibers   
              The most suitable fibers for strengthening applications are glass, carbon 
or Aramid. Typical values for properties of different fibres are given in Table 
1.1 [53]. It should be noted that , these values are for the fibres alone, not for fibre 
composites. The strength and modulus for manufactured composites will be 
lower than the values in Table 1.1[53] .They should only be taken as indicative, 
where necessary and actual values should be obtained from the manufacturers. 
All fibers have a linear elastic response up to ultimate load, with no significant 
yielding. 
 
1.5.2 Properties of Fibres 
The important properties of fibers are: 
 
a. Chemical Resistant:   
               Carbon and Aramid fibers are resistant to most forms of chemical 
attack. Many types of glass fiber are attacked by alkalis but not by acids. 
Aramids absorb much more water than either of the other two types, which can 
cause problems with the resin/fiber interface. 
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b. Resistance to Ultraviolet Light:  
         Glass and carbon fibers are not affected by ultraviolet light, but Aramid 
fibers change color and lose some strength under ultraviolet light   so they must 
be embedded in a resin matrix to protect them. Direct sunlight can embrittel all 
resins so protective paint is normally recommended. 
 
c. Electrical Conductivity:   
          Aramid and glass fibers are non-conducting and hence are suitable for use 
close to power lines, and communications facilities. But Carbon fibers do 
conduct electricity, so they must be electrically isolated from any power lines; 
and in general the resin will be sufficient for this.  
 
     Table 1.1 Typical properties of different fibrers [53] 
  
 
FIBRES 
 
Tensile 
strength 
( N / mm² ) 
 
Modulus of 
elasticity 
(KN / mm ²) 
 
Elongation 
% 
 
Specific 
density 
 
Carbon high 
strength 
 
4300 _ 4900 
 
230 _  240 
 
1.9 _ 2.1 
 
1.8 
 
Carbon high 
modulus 
 
2740 _ 5490 
 
294 _ 329 
 
0.7 _ 1.9 
 
1.78 _ 1.81 
 
Carbon ultra high 
modulus 
 
2600 _ 4020 
 
540 _ 640 
 
0.4  _ 0.8 
 
1.91 _ 2.12 
 
Aramid high 
strength and high 
modulus 
 
3200 _ 3600 
 
124 _ 130 
 
 
2.4 
 
1.44 
 
Glass 
 
2400 _ 3500 
 
70 – 85 
 
3.5 _ 4.7 
 
2.6 
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d. Compressive Strength: 
 The compressive strengths of carbon and glass fibers are close to their tensile 
strengths while that of Aramid is significantly lower. 
 
e. Stiffness:   
       The elastic modulus of carbon fiber is similar to, or significantly greater 
than, that of steel. The Stiffness of Aramid is lower and that of glass 
significantly lower. 
 
f. Impact Resistance:   
        Performance of fibers during impact is highly dependent on the elastic 
strain energy generated and absorbed. Fibers combining high strength with high 
elongation (tensile strength greater than 3,500 N/mm2 and elongation greater 
than 2%) are most suitable for applications where impact resistance is important. 
Selected grades of carbon, Aramid and glass fiber can meet these requirements. 
 
g. Fire Resistance:   
        Glass fibers retain strength up to their melting point (over 1000°C) while 
carbon fibers oxidize in air at about 650°C. Aramid fibers are not normally used 
above 200°C. None of the fibers will support combustion. In composites, the 
resin behavior will dominate the performance; most of them generate toxic 
smoke. 
 
h. Health and Safety:   
         All fibers present negligible risk to human health in normal use. However, 
care must be taken when cutting and machining all composites, because fine 
fiber particles may irritate skin, eyes and mucous membranes, so suitable 
protective clothing should be worn .In addition, care must be taken when 
handling resins. 
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i. Environmental Aspect:  
        Aramid, glass and carbon fibers are all non-toxic and inert, and are not 
considered to be hazardous as waste. But for incineration, the matrix in 
composites may present a problem. In additions, incineration of carbon materials 
may release fine electrically-conductive particles into the air. 
 
1.5.3 Fabrics  
 Fabrics are available in two basic forms: 
a. Sheet material, with unidirectional, bi-axial and tri-axial arrangements on a 
removable backing sheet or woven roving. 
b. Fibers pre-impregnated with resin (prepreg material), which is cured once in 
place, by the application of heat or by other means.  
         Parallel layers give unidirectional properties while a woven fabric has two-
dimensional properties. In woven fabrics, about 70% of the fibres are in the 
strong direction and 30% in the transverse direction [53]. It should be noted that, 
the kinking of the fibres in the woven material significantly reduces the strength. 
The thickness of the material may be as low as 0.1 mm (with the fibres fixed to a 
removable backing sheet) and is available in widths of 500 mm or more. 
 
1.5.4 Plates 
         Unidirectional plates are usually formed by the pultrusion process [53].The 
process enables a high proportion of fibers (generally about 65%) to be 
incorporated in the cross-section. Hence, in the longitudinal direction, relatively 
high strength and stiffness are achieved; approximately 65% of the relevant 
figures in Table 1.1 and the transverse strength will be very low. Plates formed 
by pultrusion are 1to 2 mm thick and with a variety of widths, between 50 and 
100 mm with very long lengths available. Thinner material is provided in the 
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form of coils, with a diameter of about one meter Figure (1.2). It can be easily 
cut to length on site using a simple guillotine. 
   Plates can also be produced using the prepreg process, typically plates have 
a fiber volume fraction of 55% and can incorporate 10% fibers (usually glass 
aligned at an angle of 45 0 to the longitudinal axis) to improve the handling 
strength. Lengths up to 12 m with widths up to 1.25 m and thicknesses up to 3 
mm can be produced. 
 
 
 
 
 
 
Figure (1.2): Coil of carbon FRP plate [53] 
 
1.5.5 Preformed Shells: 
             A preformed shell is produced by filament winding. Resin-impregnated 
fibers are wound round a mandrel, in the pattern required to give the required 
hoop and longitudinal properties. Once fully cured, the cylindrical shell is 
removed from the mandrel and cut longitudinally so that it can be bonded round 
the column as per Figure (1.3) [53] . Alternatively, shells can be formed, by hand 
lay-up or other processes, on the inside or outside of a suitable mould. A resin 
rich outer skin is normally provided to improve the resistance to sunlight and 
salt water. The strength and stiffness of the shell in the hoop and vertical 
directions depends on the type and proportion of fibers in the cross-section and 
the method of manufacture of the composite. They are significantly lower than 
the values in Table 1.1. 
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Figure (1.3): Performed CFRP plates [53] 
 
1.5.6 Specials 
       Plates formed into an ' L' shape may be used as an external link to provide 
shear reinforcement on beams, with the lower leg of the 'L' providing the 
anchorage for the vertical portion. The same type of unit could be used to 
provide anchorage at the top of a beam, at the interface with the slab or at beam-
column connections. There are various applications for this type.  
 
1.5.7 Adhesives 
         The adhesives most commonly used with concrete are epoxies (usually 
solvent-free, two pack materials which cure at ambient temperature).The 
adhesives that are sometimes considered as alternatives to epoxies have certain 
drawbacks, such as : 
? Polyester adhesives have high curing shrinkage, high coefficient of 
thermal expansion, subject to alkaline hydrolysis and are difficult to 
bond to when hardened. 
? Vinylester adhesives are subject to curing shrinkage and the bond is 
badly affected by moisture. 
? Polyurethane adhesives have high curing shrinkage, can be affected 
by moisture and are difficult to bond to. 
        The selection of the type of epoxy to be used in a particular application is 
governed by various factors, including the environment and the required speed 
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of fabrication; generally the adhesive should be able to withstand a temperature 
not less than 500C in service and a glass transition temperature (Tg) between 50 
and 65°C.  
 
1.5.8 Installation Process 
       All installations should comply with the requirements of the Health and 
Safety at Work Act and the Construction Regulation. In addition, all materials 
must be used in accordance with the manufacturer's requirements and they   
must be applied by experienced personnel. It is vitally important that the 
manufacturer's recommendations are followed throughout and Quality assurance 
procedures. Each stage must be approved before starting the next stage. 
 
1.5.9 Advantages and Disadvantages of FRP 
        Fiber composite strengthening materials have higher ultimate strength and 
lower density. The lower weight makes handling and installation significantly 
easier and no need for the supporting system while the resin hardens. No bolts 
are required to fix the fibers composites to the slab, so there is no risk of 
damaging the existing reinforcement. 
        Fiber composite materials are available in very long lengths, which with the 
flexibility of the material will simplify installation.  Laps and joints are not 
required as the material can take up irregularities in the shape of the concrete 
surface. The material can follow a curved profile and can be readily installed 
behind existing services. Overlapping is only required when strengthening in 
two directions, but this is not a problem since the material is very thin. The 
materials - fibers and resins - are durable if correctly specified, and require little 
maintenance.  
            The use of fibre composites does not significantly increase the weight of 
the structure or the dimensions of the members. The latter may be particularly 
important for bridges and other structures with limited headroom such as 
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tunnels. In terms of environmental impact and sustainability, studies have shown 
that the energy required to produce FRP materials is less than that for 
conventional materials. Because of their light weight, the cost of transport of 
FRP materials is minimal. These factors made strengthening process   
significantly simpler and quicker as compared to the conventional methods. 
           The main disadvantage of external strengthening of structures with fiber 
composite materials is the risk of fire, vandalism or accidental damage; thus 
protection of the strengthening will be required. A particular concern for bridges 
over roads is the risk of soffit reinforcement being hit by over-height vehicles. 
Damage to the plate strengthening material can reduce the overall factor of 
safety but it is unlikely to lead to collapse.  
            Experience of the long-term durability of fiber composites is not yet 
available. This may be a disadvantage for structures designed for a very long 
design life but this can be overcome by appropriate monitoring.  
             A perceived disadvantage of using FRP for strengthening is the 
relatively high cost of the materials. However, comparisons should be made on 
the basis of the complete strengthening exercise; in certain cases the costs can be 
less than that of steel plate bonding. A disadvantage in the eyes of many clients 
will be the lack of experience of the FRP techniques and suitably qualified staff 
to carry out the work. 
 
1.6 Thesis Arrangement  
   This thesis falls into five chapters as follows: 
 
Chapter (1): Introduction 
This chapter enlists the reasons for strengthening, strengthening solutions,  FRP 
materials types and properties with their installation process, statement of the 
problem , objectives of the study and thesis arrangement.  
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Chapter (2) :  Literature Review 
This chapter summary the previous studies for strengthening of different 
structural elements using (FRP), their ideas and findings. 
 
Chapter (3): Design Approach for the Slab Column- Connection  
In this chapter the basic principles underlying the design are presented. 
 
Chapter (4): Experimental Specimens and the Test Procedures 
  The experimental set up, the experimental program and the experimental tests 
results are presented in this chapter.  
 
Chapter (5) Analysis of Results and Conclusions 
This chapter comprises the analysis of the results, the conclusions and the 
recommendations for the future work.  
 
 
 
 
 
 
                                          
 
 
 
 
 
Figure (1.1): Partial collapse of a flat-plate structure due to punching shear failure [54] 
 
 
 13
CHAPTER (2) 
LITERATURE REVIEW 
 
2.1 Introduction:  
The conventional strengthening methods do provide enough additional 
strength, however they are elaborate, difficult to install, expensive, and 
aesthetically not pleasing [49].  The development of FRP materials in various 
forms and configuration which can take the form of bars, cables, 2-D and 3-D 
grids, sheet materials and laminates offers an alternative strengthening solution, 
their light weights, high strength-to-weight ratio, ease of handling and 
application and corrosion resistance are some factors that are advantageous in 
repair, retrofitting and rehabilitation of civil engineering structures. 
 
2.2 Conventional Strengthening Methods 
 
 2.2.1 Section Enlargement: 
This method of strengthening involves placing additional bonded 
reinforced concrete to an existing structural member in the form of an overlay or 
a jacket. With section enlargement, columns, beams, slabs and walls can be 
enlarged to increase their load-carrying capacity or stiffness. But the use of this 
technique is always limited by the difficulty and, sometimes the impossibility, of 
the installation process [56]. 
 
2.2.2 External Post-tensioning: 
This type of upgrading is generally applied where tension cracks appear. 
An external compressive force is applied to the structural member using post-
tensioned (stressed) cables fixed to the surface of the member. Because of the 
negligible weight of the repair system, this technique is effective and 
economical, and has been employed with great success for cases of excessive 
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deflections and cracking in beams and slabs.  Members must be stiff enough to 
resist the external compressive force, and the anchorage force [56].  
 
2.2.3 Span Shortening: 
Span shortening system is accomplished by installing additional supports 
underneath existing members to reduce their spans.  Such supports include 
structural steel members and cast-in-place reinforced concrete members. This 
technique can be used for slabs and beams [56].  
 
2.2.4 Bonded Steel Elements: 
In this method, steel elements (plates, channels, angles or built-up 
members) are glued to the concrete surface using epoxy adhesive and bolts to 
create a composite system. To increase the flexural resistance, the Steel 
elements are bonded on the tension side for slabs and beams parallel to the main 
reinforcement, and the bolts are used to fix them in position due to the relatively 
heavy weight of the steel elements. Steel elements can also be used to improve 
the axial capacity of   columns (steel jackets) [56]. 
  
2.3 Historical Background OF FRP 
The experiences in the most important countries that have best dealt with 
the FRP will be summarized as follows:  
 
a. United States:  
In the United States the interest in fiber based reinforcement for concrete 
structures started in 1930’s. However, actual development and research 
activities into the use of FRP materials for retrofitting concrete structures started 
in the late 1980’s [43].  FRP materials have quickly moved from the state-of-the-
art to mainstream technology and their applications in many fields had started 
[12, 18, 19]. In addition, there is continuous research done by the state department of 
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transportation (DOTS) for pursuing the use of FRP for repair and retrofit of 
transportation structures [37].  
 In 2002 the ACI Committee 440 developed a guide (ACI 440 2002) [1] for 
the design and construction of externally bonded FRP systems for strengthening 
concrete structures. Many of the Innovative Bridge Research and Construction 
(IBRC) projects have been or are being conducted that involve the bonding of 
FRP composites to concrete structures [30] in addition to numerous individual 
projects [3, 29, 36, 45]. 
 
b. Europe:  
Research on the use of FRP in concrete structures began in Europe in the 
1960’s [44, 55, 14], but pioneering work took place in the 1980’s in Switzerland and 
resulted in successful practical applications [30, 31]. Earlier applications of FRP 
strengthening in Europe were performed in 1991 on the Ibach Bridge, 
Switzerland; and Kattenbusch Roadway Bridge in Germany [42]. A pan-
European collaborative research (EUROCRETE) was established in 1993 to 
develop FRP reinforcement for concrete and included partners from the United 
Kingdom, Switzerland, France, Norway and Netherlands. Near surface Mounted 
( NSM) carbon FRP strips were used to rehabilitate the “Tobel Bridge” in 
Southern Germany in 1999 [8]   . In 2000 "Design guidance for strengthening 
concrete structures using fibre composite materials" was established by the UK 
Concrete Society [49] -Technical Report No 55.  In 2001 the International 
Federation for Structural Concrete (FIB) Task Group 9.3 on FRP Reinforcement 
for Concrete Structures published a bulletin on design and guidelines for 
externally bonded FRP repair systems [CEB-FIP 2001] [13]. 
 
c. Japan: 
  Together with Europe, Japan developed the first FRP application for 
construction in the early 1980’s [43]. A sudden increase in the use of FRP was 
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attained after the 1995 Hoboken Nanbu earthquake. As of 1997, the Japanese led 
in FRP reinforcement usage, with 1000 demonstration commercial projects as 
well as the introduction of design provisions for FRP in the standard 
specifications of the Japan Society of Civil Engineers (JSCE) [22]. 
 
d. Canada:  
The use of FRP for repair and strengthening of concrete structures began 
in earnest in the late 1980’s [43]. A significant international research break 
through was achieved in 1998 by strengthening Taylor Bridge in Headingly, 
Manitoba, with CFRP cables and bars. In 1999 a trial application of CFRP 
sheets as a first step in upgrading the shear capacity of the Maryland Street 
bridge in Winnipeg, Manitoba, was conducted. The Canadian Network of 
Centers of Excellence on Intelligent Sensing for Innovative Structures (ISIS)   
was established in 1995 to conduct research and development on the innovative 
use of FRP techniques. Canada standards Association and the ISIS have 
published a comprehensive manual on FRP repair systems for concrete 
structures [CSA S806-02] [21]. 
Continuous researches conducted to study the behavior of the 
strengthened members [slabs, beams and column] using FRP materials under 
flexure, shear, axial force led to relatively mature knowledge. Some of the most 
important contribution will be highlighted below.  
  
2.4 Strengthening Of the Slabs Using FRP 
 
2.4.1 Flexural Strengthening 
  The use of FRP in different systems bonded to the tension face of the 
slabs increases the flexural capacity and the stiffness of the slab and reduces the 
deflection. The failure mode of the strengthened slab was always de-bonding. 
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Finite element method and the yield line theory were often used to predict the 
behavior of strengthened slabs.  
 
Tan, Tumialan and Nanni [50]   
They used different CFRP systems to increase  the flexural capacity of 
two way simply supported slabs , (strips of laminate plates with Cold cured 
adhesive bonding, prestressing  strips of laminate plates, wet lay-up ply of Fiber 
laminate sheets, near surface mounted strips of laminate bars (NSM) ). They 
found that CFRP   increased the flexural strength between 63% to 145% and 
remarkably reduced the deflections and crack widths, especially the prestressing 
CFRP system. Two modes of failure were observed. Delamination occurred in 
the cases CFRP with cold cured adhesive and prestressing CFRP while rupture 
of the CFRP reinforcement was observed in the other cases of the CFRP system. 
 
Marzouk, Ebead and Neale [28]  
They used CFRP strips and GFRP laminates to strengthen two way slabs 
with the scheme shown in the figure (2.1) to increase the flexural capacity of the 
slabs. The strengthened specimens using FRP strips or laminates showed an 
average gain in the load capacity of about 36% over that of the reference (un-
strengthened) specimens. In addition, the strengthened specimens showed a 
stiffer behavior than that of the reference specimens. However, a decrease in 
ductility and energy absorption was recorded due to the brittle nature of the   
FRP materials. Debonding of FRP materials   was the main cause of failure. 
Slabs failed soon after de-bonding occurred due to exceeding flexural cracks. 
None of the strengthening materials experienced rupture failure.   
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Figure (2.1): Layout of the flexural –strengthening scheme [28] 
  
Mosallam, Mosalam [34]  
They studied un-reinforced and reinforced concrete slabs repaired and 
retrofitted with fiber reinforced polymer (FRP) composite strips. Both carbon 
epoxy and glass epoxy composite systems were used in this study. They found 
that the FRP systems were effective in appreciably increasing the strength of the 
repaired slabs to approximately 500% for un- reinforced specimens and 200% 
for   reinforced specimens. They used the finite element method and found good 
correlation between computational models and the experimentally determined 
results for both the control and the rehabilitated slabs.  
 
Tan and Zhao [51]    
They investigated one-way RC slabs with openings strengthened with 
externally bonded carbon fibers polymer (CFRP) systems,. They found that 
CFRP system proved to be effective in enhancing the load-carrying capacity and 
stiffness of RC slabs with openings, provided that premature failure due to 
CFRP debonding is excluded. They used the yield line method to analyze the 
strengthened slabs and found that the analytical model predicts the load carrying 
capacity of the strengthened slabs very well.  
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2.4.2 Punching Shear Strengthening 
In practice, to increase the punching shear capacity of the slab, the area 
around the column within the zone of the critical punching shear must be 
strengthened. Many of the researches showed that the use of FRP materials in 
different pattern around the column can increase the punching shear capacity 
due to the increase of the flexural capacity of the slab and always the punching 
shear cracks start with flexural cracks. Figure (2.2) shows the widely used test 
scheme for punching shear for the slab [54], where the slab was supported along 
its four edges with the corner free to lift up and  loaded through a central column 
stub;  sometimes projecting from the tension side.  
Figure (2.2): The test scheme for punching shear [54] 
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Erki and Heffernan [17]  
Erki and Heffernan used Glass FRP (GFRP) and carbon FRP (CFRP) 
unidirectional   sheets to strengthen two-way and one-way slabs for punching 
shear.  They used the test scheme without the column stub projecting from the 
tension side of the slab. They found that the additional tensile capacity provided 
by the FRP sheets increased the flexural stiffness of the slabs and delayed the 
onset of flexural cracking to higher loads; there - by increasing the punching 
shear capacity.  
   
Limam, Foret and Ehrlacher [27]  
They dealt with strengthening of reinforced concrete (RC) two-way slabs 
with carbon fibre reinforced plastic (CFRP) strips bonded to the tensile face. 
The strengthened slab presented a failure mode with debonding of the external 
FRP strips from the slab.   The strengthened slab was designed as a three-
layered plate supported in four sides, which was subjected to a load in the 
centre. The limit analysis was used to approximate the ultimate load capacity 
and identify the different collapse mechanisms. Experimental results were 
compared with theoretical predictions. 
 
Tan [49]  
Tan used different FRP systems, namely, discrete carbon FRP plates, 
continuous carbon fiber sheets, and continuous glass fiber fabric to 
strengthening two–way slabs for punching shear. The width and spacing or the 
number of layers was varied. He used the test scheme for the slabs with the 
column stub projecting from the tension side of the slab. He found that the FRP 
reinforcement registered strains at failure of about 20% of their ultimate strain, 
and that slabs strengthened with unidirectional FRP system did not give a 
significant increase in punching shear resistance. However, for the slabs 
strengthened with bidirectional systems the punching shear strength increased 
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according to the reinforcing index. Same reinforcing index using the CFRP 
sheets gave the highest punching shear strength while the CFRP plates gave the 
least.  
 
Chen and Li [14]  
They used glass fiber-reinforced plastics GFRPS in one and two layers in 
different patterns to strengthening two–way slabs for punching shear. They used 
the test scheme with the column stub projecting from the tension side of the 
slab. They found that the presence of GFRP substantially increases the punching 
shear capacity of slab–column connections.  
  
Binic and Bayrakb [7]  
They used closed loop of carbon fiber reinforced polymer (CFRP) in form 
of stirrups within the shear zone to upgrade reinforced concrete slab–column 
connections subjected to monotonic shear and unbalanced moment. CFRP 
fabrics were cut to length of  17 mm  and impregnated with epoxy, then they 
were weaved around the holes [made in the slab by vertical tubes during the 
casting process] in the directions parallel to the closest edge of the loaded area in 
two different patterns as in Figure (2.3).  They used the ACI 318-02 and yield 
line theory to predict the theoretical ultimate loads for the control specimens.  
On the basis of the results of this study, use of CFRPS as externally 
installed stirrups was found to be successful in strengthening slab–column 
connection. 
        
Harajli and Soudki [20]    
They used CFRP sheets bonded to the tension face of the slabs in two 
perpendicular directions to increase the punching shear capacity of interior slab–
column connections as shown in Figure (2.4). They used the test scheme with 
the column stub from both sides of the slab.  The test results clearly 
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demonstrated that using CFRP led to significant improvements in the flexural 
stiffness, flexural strength, and shear capacity of beam–column connections. The 
enhancement in the flexural capacity is between 26 and 73% and in the shear 
capacity is between 17 and 45%. The measured stress in the CFRP sheets at 
nominal strength varied between 22 and 69% of the ultimate tensile strength of 
the fibers.  
 
 
 
 
Figure (2.3): Test set up and specimen layout [7] 
 
Soudki [46]  
Soudki studied the effectiveness of FRP sheets in increasing the shear 
capacity of two-way slabs. He found that the use of FRP sheets in the critical 
negative moment region of the slab–column connection delays the formation 
and growth of tensile, flexural and shear cracks by increasing the flexural 
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strength of the slab in the vicinity of the column. This consequently, improves 
the two-way shear resistance of the connection. He concluded that the efficiency 
of using FRP sheets for repair, in comparison with , an equivalent amount of 
reinforcing steel, is expected to increase with a decrease in the thickness of the 
element; thus indicating that the  use of FRP sheets for upgrading slabs is 
promising.  
 
  Figure (2.4): Strengthened scheme for punching shear 
 
Soudki, Zwol and Sherping [47]   
They used different systems of   carbon fibre reinforced polymer (CFRP) 
strips to enhance the behavior of flat slab-column connections. They used 
orthogonal and skewed configurations of externally bonded CFRP strips, 
adjacent and/or offset to column face.  In the orthogonal orientation, the CFRP 
strips were placed parallel to the internal steel reinforcement while in the skew 
orientation, the strips were laid in a 45-degree angle relative to the internal 
reinforcement. These patterns are shown in Figure (2.5). The test results clearly 
showed that CFRP strengthening led to an improvement in the structural 
behavior of slab-column connections. Depending on the configuration and 
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orientation of CFRP strips, the increase in strength ranged between 8% and 
28%.   
 
Figure (2.5): Different strengthened schemes for punching shear [47] 
 
2.5 Strengthening of Beams Using FRP  
 
2.5.1 Flexural Strengthening of Beams: 
The flexural capacity of beams can be increased using FRP reinforcement 
bonded to the tension face of the beam parallel to the main reinforcement. The 
failure mode of the strengthened beams is always due to debonding of the FRP 
strips, especially for the large size beams. The use of a primer layer before the 
epoxy layer increases the strength, changes the failure mode to breakage of FRP 
instead of debonding and improves the ductility of the beam.  
 The efficiency of FRP can be greatly reduced due to premature failure 
caused by end peeling and shear–flexural peeling. The use of   U- end wrapping 
system  is effective in end peeling while  the L- wrapping and the X –wrapping 
schemes can  prevent both the end peeling and shear – flexural peeling.    
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Y.Takahashi and Y.Sato [48]    
They used three different systems of CFRP to increase the flexural 
strength of RC beams. In the first system they only used CFRP sheets on the 
tension surfaces.  In the second system they used  a soft layer with CFRP layer  
on the tension face of   beam and in the third system they used a soft layer and 
CFRP sheets on tension side plus 5-cm-wide strips of CFRP sheet wrapped 
around the web-as in Figure(2.6).  They found that the flexural strength of the 
strengthened   beams increased, the ductile behavior of the beam reinforced with 
CFRP sheet was significant and increased by using the buffer layer , U jackets , 
buffer layers and U jackets together . The failure mode was by breakage of the 
CFRP sheet.  
 
 
 
             (a) Wrapped appearance by U-jacket                 (b) Beam cross-section  
                      
Figure (2.6):  U jacket strengthened scheme with buffer layer [48] 
 
Leong and Maalej [25]  
They used different sizes of beams strengthened with CFRP sheets in 
different layers to increase the flexural capacity.  They found that increasing the 
size of the beam leads to increased interfacial shear stress concentration in 
CFRP strengthened beams as well as reduced CFRP failure strain.  But the beam 
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size does not significantly influence the strengthening ratio, nor does it 
significantly affect the deflection ductility of CFRP strengthened beams.           
 
Arduini and Nanni [4]  
 They described two common types of peeling failure, namely end peeling 
and shear-flexural peeling as shown in Figure (2.7). The end peeling results 
from the combination of shear and normal tensile stress localized in the vicinity 
of the plate end. When the principal tensile stress reaches the tensile strength of 
concrete, a crack initiates and propagates horizontally at the level of tension 
steel, ripping off the concrete cover. The shear-flexural peeling initiates at the 
base of flexural or shear-flexural crack, and propagates towards the support. 
 
 
 
        
 
 
 
            (a) Shear – flexural peeling                               (b) End peeling  
Figure (2.7):  Flexural peeling and end peeling failure [4]   
  
Nurchi et al [38]  
They proposed the use of multi – directional laminate at the soffit of the 
beam with external anchorage bolts to strengthen RC beams for flexure. They 
found that: 
  (a)  The use of anchorage bolts at ends of laminates can prevent failures 
such as concrete rip-off. 
  (b) The use of bolts over the shear span significantly postponed 
debonding of the laminate due to vertical crack displacement.  
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(c) Due to the bolt anchorage, after debonding, the laminate acts as an 
external tension member. This results in increased  the ultimate deflection  and 
hence less brittle failure modes. 
 
Pornpongsaroj and Pimanmas [39]    
 They proposed different schemes for strengthening the RC beam for 
flexure with end anchorage.  They used U-, L- and X-wrappings anchorages. 
They found that without wrapping the FRP strengthened beams showed little 
strength improvement over the un-strengthened beam.   For U-wrapped 
strengthened beam, end peeling could be prevented but shear-flexural peeling 
took place instead. For L and X-wrapped beams, no sign of detrimental peeling 
was observed and the beam failed in flexural concrete crushing mode. 
 
2.5.2 Shear Strengthening of Beams: 
The shear capacity of the beam can be increased by using FRP 
reinforcement bonded to side faces of the beam in the area of the maximum 
shear.  The failure mode is always debonding, so to utilize the maximum 
efficiency of the FRP system, the FRP reinforcement must be anchored at their 
ends. There are different ways of anchorages such as using FRP sheets at the 
bottom of the beam to anchor the vertical FRP plates, or wrapping the FRP 
reinforcement around the flange of the beam through drilled holes. 
 
Chen and Tengb [15]  
Chen and Tengb developed a new simple, accurate and rational design 
proposal for the shear capacity of FRP-strengthened beams for which debonding 
is the failure mode.  They substantiated the validity of the new proposal by the 
available experimental data. 
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Khalifa and Nanni [23]    
They investigated the influence of some parameters in the capacity of the 
CFRP strengthening beam for shear. These parameters were CFRP amount, ply 
combination and CFRP end anchorage. They found that externally bonded 
CFRP can increase the shear capacity of the beam significantly and the most 
effective configuration was the U-wrap with end anchorage. 
 
Brown and Hamilton [9]  
They used different schemes of CFRP plates and sheets to strengthen 
corrosion damaged reinforced concrete beams for shear  as in Figure (2.8). The 
repaired beam showed good performance and the shear capacity was increased.  
 
Lee and Mahaidi [24]    
They Found that, a maximum increase in shear capacity of 81% was 
achieved in T-beams strengthened with the external CFRP reinforcement. The 
presence of the CFRP external reinforcement did not delay the initial formation 
of shear cracks but impeded its propagation and growth. The deformation 
mechanisms in the strengthened beams were similar to those of the un-
strengthened beams. 
 
Adhikaryh, Mutsuyoshi and Ashraf [2]  
They Used carbon fibre reinforced polymer (CFRP) and Ararmid fibre 
reinforced polymer (AFRP) uni-directional sheets with end anchorage to 
increase the shear capacity for RC beams. The sheets were applied only in the 
shear span and anchored at the top of the beam with different distances as 
detailed in Figure (2.9). They suggested two separate equations to calculate 
contribution of FRP sheet to the shear capacity of strengthened beams (vf). First 
when failure is likely to occur due to sheet debonding and second when bonded 
anchorage of FRP sheet is provided to the beams. They found that 
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? Effectiveness of externally bonded CFRP and AFRP sheets for shear 
strengthening of RC beams was confirmed. 
? A maximum of 123% increase for CFRP and 118% increase for 
AFRP strengthened beams in their shear capacity was achieved. 
? FRP sheet with bonded anchorage is much more effective than U-
wrap scheme and is an effective way to delay or evade sheet 
debonding. 
? Bonded anchorage of sheet resulted in a decrease of interface bond 
stress and an increase in effective strain of FRP sheet at failure.  
? The proposed equations can be used to estimate the contribution of 
FRP sheets (vf) to the shear capacity of RC beams with satisfactory 
accuracy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure (2.8):  Different strengthened schemes for shear in beam [9] 
 30
 
                                 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure (2.9): Strengthening techniques using U jacket with end anchorage [2] 
 
Melo, Araujo and Nagato [32]  
 They proposed new ways of anchorage for the CFRP sheets used for 
shear strengthening. In the first method the CFRP sheets are enveloping only the 
web of the beams and anchored at the bottom of the slab with horizontal strips 
and in the second method the CFRP sheets are rapped around the rib of the beam 
and continued to the top holes drilled in  the slab. They found that the second 
approach was more effective than the first one but it is much more laborious and 
messy. 
 
2.6 Strengthening of column using (FRP): 
The major parameters affecting the behavior of concrete columns 
confined with external FRP are the type of fibers; the number of layers, the 
shape of cross-section, and layout of fibers which contribute much to the 
behavior of confinement effectiveness when bending action is introduced. 
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Li, Moulsdle and Hadi [26]  
They Found that the use of FRP reinforcement to confine high strength 
concrete column:  
? Enhances the ductility of the column. 
? Enhances the structural performance of concrete columns under 
eccentric loading to some extent. However, the enhancement is not as 
significant as that of columns under concentric loading. This was 
attributed to the fact that an eccentric loading once engaged, induces 
bending action together with the axial compression. 
? For the circular specimens under concentric loading, the number of 
layers of FRP materials is one of the major parameters having a 
significant influence on the behavior of specimens.  
? The fibre layout is one of the major factors that affect the 
effectiveness of confinement, especially when eccentricity is 
introduced.  
? Taking the expensive costs involved into consideration, external 
confinement with Carbon fibres is not suggested for strengthening of 
columns under largely eccentric loading. 
 
Tastani and Pantazopoulou [52]   
They upgraded several columns by means of FRP jacketing after being 
conditioned to accelerate electrochemical corrosion, and were subsequently 
tested to failure under concentric compression; A significant increase in strength 
and deformation capacity was observed in all cases. Failure was rather brittle 
particularly in CFRP jacketed specimens. 
 
Prota, Manfred and Cosenza [40]    
 They tested rectangular columns, upgraded by unidirectional Glass FRP 
laminates, subjected to axial load. Their results   confirmed that the confinement 
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with GFRP laminates could represent an effective technique for the 
strengthening of RC rectangular columns. Significant increase in both strength 
and ultimate axial strain was achieved. 
2.7 The research problem 
  In this research enhancement of the shear capacity of flat slabs at the 
slab-column connection will be addressed. The contribution of externally 
bonded CFRP strips in different arrangements will be experimentally studied. 
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CHAPTER (3) 
Design Approach for Shear strengthening using (FRP) 
Laminates for the slab column – connection 
 
3.1 Introduction 
                     There are several national guidelines for the selection of FRP 
systems and the design and detailing of structures incorporating FRP 
reinforcement. However, there exists a divergence of opinion about certain 
aspects of the detailing between these guidelines. This is to be expected as the 
material is relatively newly developed worldwide. Much research is being 
carried out at institutions around the world and it is expected that design criteria 
will continue to be enhanced as the results of this research become known in the 
coming years. 
               The design approach here will follow the guideline of the Concrete 
Society (UK) 2000 [53] and BS 8110 1985 where the design of [FRP] 
strengthening systems will be based on limit state principles. The aim of limit 
state design is the achievement of an acceptable probability that the structure 
being strengthened will perform satisfactorily during its design life. 
  
3.2 Ultimate Limit States: 
              The design of FRP strengthened systems mainly must be checked for 
bending, shear and compression as well as checks for plate separation; a 
condition peculiar to FRP strengthened structures. Since structural strengthening 
invariably increases the stiffness of flexural members which in turn increases the 
risk of brittle failure, a check on ductility will also be necessary. 
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3.2.1 Mechanical Properties of Materials 
 
A. Properties of Concrete and Steel Reinforcement  
   The design strength for the concrete and the steel reinforcement will be 
the characteristic strength divided by partially safety factor (γmc =1.5, γms =1.15) 
for concrete and steel respectively as recommended by BS 8110 1985. 
Moreover, in order to avoid permanent deformations, the designer must check 
that the steel reinforcement at service loads does not yield. Accordingly it is 
recommended to increase the partial safety factors for steel reinforcement to 
1.25 in performing this check [53]. 
 
B. Properties of FRP Material 
  All design properties of FRP materials are based on the actual properties 
obtained from the manufactures divided by the appropriate safety factors to 
account for the uncertainties associated with the material itself γmf , with its 
manufacturing route γmm, and with changes in material properties with time γmE . 
   Table 3.1and Table 3.2 show different values for γmf  and γmm respectively. 
  
(i) Design Strength of FRP (ffd ) 
The design strength will be the characteristic mechanical strength ffk 
divided by γmF   
 
ffd= ffk / (γmF  * γmE )                                                                                         (3.1) 
 
γmF =  γmf * γmm                                                                                                                                            (3.2) 
 
Where 
ffd = design strength of FRP 
ffk = characteristic mechanical strength of FRP 
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γmf = partial safety factors for the FRP strength depending on the type of fibre 
given in Table 3.1.  
γmm = partial safety factors for the FRP strength depending on the manufacturing 
route given in Table 3.2.  
γmE  =  Partial safety factor for modulus of elasticity for the FRP given in Table 
3.3.  
 
Table 3.1 Recommended values of partial safety factors (γmf) [53]  
 Material Partial safety Factors (γmf )
Carbon FRP 1.4 
Aramid FRP 1.5 
Glass FRP 3.5 
 
  Table 3.2: Recommended values of partial safety factors (γmm)  [53] 
 
Type of system 
 (method of application of 
manufacture) 
Partial safety 
factor (γmm ) 
Plates 
    Pultruded 
    Prepreg 
    Preformed 
 
1.1 
1.1 
1.2 
Sheet or tapes   
   Machine-controlled application  
   Vacuum infusion 
   Wet lay-up                                     
 
1.1 
1.2 
1.4 
Prefabricated ( factory-made ) 
shell 
   Filament winding 
   Resin transfer moulding 
   Hand lay-up 
   Hand-held spray application 
 
 
1.1 
1.2 
1.4 
2.2 
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(ii) Design Elastic Modulus of FRP (Efd) 
Since the modulus of elasticity of FRP may change with time [53], it is 
necessary to apply a partial safety factor to this property too, in assessing the 
serviceability of structures strengthened with FRP. Recommended partial safety 
factors for modulus of elasticity (γmE ) are given in Table 3.3 . 
 
Table 3.3: Partial safety factor for modulus of elasticity at the ultimate limit state 
(γmE ) [53] 
 
Material Factor of safety (γmE ) 
Carbon FRP 1.1 
Aramid FRP 1.1 
Glass FRP 1.8 
 
C. Properties of the Adhesive and Laminate Resin 
  It is important that the adhesive or laminating resin being used is 
compatible with the laminate or fiber. Ideally, to ensure compatibility, all the 
components of the system (including any priming or top coating materials) 
should be from a single supplier. 
In general, the ultimate behavior of a strengthened section will be 
governed by the strength of the concrete and not by the strength of the adhesive, 
provided the following conditions are satisfied: 
? All the materials used are in accordance with recognized standards. 
? The material properties are checked on samples made on site. 
? The in-service temperature does not differ significantly from that at which 
the test samples were made and cured. 
? Detailed and proven method statements and specifications are used. 
? Suitably qualified staff carries out the work.  
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? The structure is fail-safe, i.e. failure of the strengthening will not lead to 
failure of the structure. 
If any of the above parameters are not satisfied, higher values of γmA ,the 
partial safety factor for adhesive, will be required. 
It should be noted that, cyclic strains applied to an adhesive during the 
curing period, for example due to traffic loading on a bridge under repair, may 
lead to a change in the properties of the adhesive. However, it has been 
suggested that these changes are likely to be small, perhaps a 10% reduction in 
the strength of the fully cured material. As a general recommendation, the 
sustained stress in the adhesive should be kept below 25% of the short-term 
strength, which equates to the recommended minimum material partial safety 
factor of 4.0 [53]. 
 
3.3 Design of the CFRP Strengthened Slab – Column Connection 
The equations developed for the flexural design of FRP strengthened 
slabs are based on the rectangular parabolic stress-strain relationship for 
concrete and steel. Unlike steel reinforcement, all FRP reinforcement has a 
linear elastic response to failure, with no or very limited yielding. Woven fabrics 
have a degree of non- linearity, but this may be ignored for design purposes. 
The flexural capacity will be determined using two methods, first the 
Elastic theory using the influence service line charts of (Reylonds) [41] and 
secondly the collapse load method using the yield line method.  
The design for punching shear strengthened slab (the subject of this 
thesis) will be based on the papers: 
i. Elstner and Hognestad (1995) [16] . 
ii.  Harajli and Soudki (2003) [20] .  
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3.3.1. Flexural Design of the CFRP Strengthened Slab –Column Connection 
Adding FRP reinforcement to the tension side of the slab at the slab –
column connection will increase the flexural capacity of the slab. In the 
following the flexural design for strengthened slab with singly reinforced section 
will be explain:  
 
3.3.1.1 Bending Capacity of a Strengthened singly reinforced Section 
  The guidelines of the concrete society (UK) 2000 [53] to determine the 
moments of resistance Mr of the strengthened sections are based on the 
following assumptions: 
?  Sections that are plane before bending remain plane after bending. 
? There is no slip between the FRP and the concrete. 
? The stress-strain responses for concrete and steel reinforcement follow the 
Idealized curves presented in current codes and standards. 
? FRP has a linear elastic response to failure. 
? The tensile strength of the concrete is ignored.  
There are three possible modes of failure depending on the ratio between 
the design ultimate moment due to applied loads, M, and the balanced moment 
of resistance of the section Mb; namely: 
 
a. Balanced failure ( M = Mb )  
           In a strengthened section occurs when the concrete and the FRP reach 
their ultimate design strains simultaneously; the depth of the neutral axis is xb .  
 
b. M < Mb   
        The FRP will reach its design tensile strain before the concrete crushes , 
However, failure normally occurs due to plate separation rather than plate 
rupture and the strain limits for debonding will frequently govern the design ,the 
depth of the neutral axis is less than the balance depth of the neutral xb .  
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c. M > Mb  
      The concrete reach its design compressive strength before the FRP 
reaches its design tensile strain, the depth of the neutral axis is greater than  xb.     
     The detailed design for each of the above modes is carried out as follows: 
 
a. Balanced Moment of Resistance 
  For a singly reinforced section with a layer of FRP bonded to the tension 
face, the strain and stress distribution will vary as shown in Figure (3.1) .The 
stress distributions shown are based on the BS 8110 models for concrete and 
steel. Taking moments about the bottom face, the moment of resistance for 
balanced failure, Mb  
                                                  
                               
                    
 
 
 
 
Figure (3.1): Single strengthened section stress and strain distribution  for 
balance moment. 
 
 Mb = (0.67fcu/  γmc ) b 0.9 xb  [ Z + ( h – d ) ] –  (fy / γms ) As ( h – d )            (3.3) 
 
xb = h / (єfu / єcu + 1)                (3.4) 
 
Z   = d – 0.45 xb                   (3.5) 
 
 Where 
M = design ultimate moment due to applied loads 
0.9 xb
b  
h  
Єcu = 0.0035  
fu =  Єfk / γmF 
xb 
d 
As fy / γms   
( 0.67 fcu/ γmc) 0.9 xbb 
Af* ffk / γmF 
Af  
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Mb = balanced moment of resistance of the section taken about FRP 
 h   = overall depth of beam, assuming thickness of FRP plate +adhesive « h . 
єfu = design ultimate failure strain of FRP = єfk / γmF 
єcu = ultimate strain of concrete = 0.0035 
ffk = characteristic mechanical strength of FRP 
Z  = lever arm  
xb = depth of neutral axis for the balance failure   
AS = area of tension reinforcement  
Af   = area of FRP  
fY  = ultimate stress of steel  
fcu = ultimate compressive strength of concrete 
b   = width of the section 
d   = effective depth 
γmc , γms , γmF  = the partial safety factors for concrete , steel and FRP 
respectively. 
 
b. M < Mb 
The failure will be due to the FRP reaching its design tensile strain before 
the concrete crushes as shown in Figure (3.2). The design ultimate moment M is 
less than the balanced moment of resistance of the strengthened section Mb, the 
approximate area of FRP required, AF, can be obtained by dividing the 
additional moment capacity required, Mdd, by the product of the steel lever arm, 
Z and the ultimate design stress in the FRP, ffd,  as follows: 
 
Mdd = M – Mo                                                                                                  (3.6) 
 
AF = Mdd / ffd Z                                                                                                 (3.7) 
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 ffd = єfu * Efd                                 (3.8) 
 
 Efd = Efk / γmE                  (3.9) 
 
 єfu =   єfk / γmF                                                                                                                          (3.10) 
                 
Or the strain limit for the debonding, whichever is the lesser. 
 
 
 
 
 
Figure (3.2): Single strengthened section stress and strain disruption for M < Mb 
 
Taking moments about the bottom of the un-strengthened section 
 
Mo = (0.67 fcu /  γmc) b 0.9 x  [ z + ( h – d ) ] –  ( fy / γms ) As ( h – d )            (3.11)  
                                            
(0.67 fcu / γmc) b 0.9 x = (fy / γms) As                                            (3.12) 
 
x = 1.66 As fy γmc / (fcu γms b)                                     (3.13) 
 
 Substituting for γmc = 1.5 and γms = 1.15 gives: 
  
x = 2.163 fy As / (fcu b)                                                                   (3.14) 
 
Z = d – 0.45 x                                                                                       (3.15) 
 
0.9x  
b  
h  
Єcu < 0.0035  
Єfu =  Єf k / γmF 
x  
d 
As fy / γms   
( 0.67 fcu/ γmc) 0.9 xb 
Af* ffk/ γmF 
Af  
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Where 
Mo = moment of resistance for un-strengthened section 
x = depth of neutral axis   
Note here   x and Z are related for the un-strengthened section. 
 
c. M > Mb 
If the design moment exceeds the balanced moment of resistance of the 
strengthened beam, the failure will be due to the concrete crush as shown in 
figure (3.3). The design procedure is slightly more involved as both the tensile 
force in the FRP, Fr, and the tensile stress in the FRP, ff, are unknown. The 
stress in the FRP will be less than the ultimate value and can be determined from 
the strain distribution in the member. Account should be taken of the initial 
strain in the concrete at the time of strengthening. The actual strain in the FRP is 
obtained by subtracting the initial strain, єcit, from the final strain in the concrete 
єcft, at level of the FRP based on a linear strain variation in the strengthened 
member.  
The stress in the FRP is then calculated from: 
ff = Efd * (єcft – єcit )                                            (3.16) 
 
Efd = Efk / γmE                            (3.17) 
Taking moment about the bottom of the strengthened section  
 
M = (0.67 fcu /  γmc) b 0.9 x  [ z + ( h – d ) ] –  ( fy / γms ) As ( h – d )       (3.18) 
 
And substituting for x    
                                                                   
x = 2* (d – z ) / 0.9  and   γmc = (3/2) gives: 
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M = (8/9) fcu b (d-z) [z + (h - d)] - (fy / γms) As (h - d)                             (3.19) 
 
 
 
 
 
 
 
 Figure (3.3): Single strengthened section stress and strain distribution for M > 
Mb 
 
By substituting for the value of M due the applied load, z can be 
determined. 
Taking moments about the compressive force in the concrete gives: 
 
M = (fy / γms) As z + Fr [z + (h – d)]                    (3.20) 
 
By substituting for the value of M due to the applied load and value of z 
from the equation (3.17) solve for Fr , therefore 
 
Af = Fr / ff                   (3.21) 
 
The initial tensile strain in the concrete єcit, at the concrete / FRP interface 
can be calculated on the basis of an elastic analysis of the cracked section using 
the following 
Єcic = MS xo / EC Ice                   (3.22) 
 
Єcit = єcic (h – xo) / xo                  (3.23) 
0.9x  
b  
h  
Єcu = 0.0035  
Єff  <  Єfk / γmF 
x  
d 
As Fy / γms   
( 0.67 fcu/ γmc) 0.9 xb 
Af* ff 
Af  
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ff = Efd (Єcft - Єcit )                (3.24) 
 
Where 
Ms = service moment based on the un-factored permanent loads acting on the 
un- strengthened member, Permanent loads include imposed load. 
Where 
єff = strain in FRP 
ff = stress in FRP 
Fr = tensile force in FRP 
Єcic = initial compressive strain in concrete. 
Єcit = initial tensile strain in concrete. 
єcft = final  tensile strain in the concrete 
xo = depth of neutral axis of  un-strengthened  transformed crack section. 
Ec= modulus of elasticity of concrete. 
Ice = second moment of area of existing concrete equivalent transformed cracked 
section. 
The equivalent transformed section may be obtained by assuming that the 
modular ratio of steel to concrete, αs = ES / EC is 15. 
 
 3.3.1.2 Flexural Failure Load (F) in Slab–Column Connection: 
The  behavior of the slab–column connection under the shear force can be 
simulated by a two- way slab  simply supported along four edges and acted upon 
by a concentrated “area load” (F) in the middle. 
The most common methods of determining the bending moment (m) in 
such slabs under concentrically area load (F) which cause flexural failure are the 
“Elastic Method” and the “Yield Line Method”. 
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(1)  Elastic Theory 
The bending moment can be determined using the service influence line 
charts of [Reylonlds] [41], where the bending moment in a two way slab with a 
concentrically concentrated area load is given by 
 
m = F (αx4 + υ α y4)                                                                                        (3.25) 
              
Where 
F = Total load on area to cause flexural failure.   
m = bending moment per unit width -in units of the load (F) and the width 
   υ = poison ratio  
 αx4 , α y4  are factors from tables 54, 55 Reynolds [41]  
 
(2) Yield Line Theory 
For an isotropically reinforced square slab, simply supported along four 
edges and carrying a concentrated area load (F) at the middle; the expected yield 
–line pattern was shown in figure (3.4) in which x was an unknown 
dimension[16] . 
  
 
 
 
 
 
Figure (3.4) Expected yield line pattern for istropically simply supported slab with 
concentrated area load 
 
 
 
a
x
r
a
A
B
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Using the virtual work method  
 
External work = F δ              (3.26) 
 
Total internal work = ∑ (Mθ)               (3.27) 
 
For element A : 
 
Internal work WA= m (a-2x) 2 / (a-r)            (3.28) 
 
For element B : 
 
Internal work WB= m √ 2 x √2 / (a-r-x)                                                        (3.29) 
 
Total internal work = 4m [(a-2x) 2 / (a-r) + √ 2 x √2 / (a-r-x)]                    (3.30) 
 
For unit external displacement and equating the internal and the external          
works  
 
F = 4m [(a-2x) 2 / (a-r) + √ 2 x √2 / (a-r-x)]                                                (3.31) 
 
 To obtain value of x giving minimum value of F, differentiating w.r.t.x: 
∂ F/ ∂ x = 0  
 
 [- (4 / (a-r)) + (2 (a-r-x) + 2 x) / (a-r-x) 2] = 0 
 
This is solved for x as follows: 
 
 4 / (a-r) = 2 (a-r) / (a-r-x) 2   
 47
 (a-r-x) 2 - (a-r) 2 / 2 = 0 
 
 x2 – 2 (a-r) x +(a-r) 2/2   = 0 
 
 x = (1- √2 / 2 ) ( a  -  r) 
 
Substituting for the value of x in equation (3.22) gives: 
 
 F = 4m [(a-2(1- √2 / 2 ) ( a  -  r)) 2 / (a-r)  
                           + √ 2 (1- √2 / 2 ) ( a  -  r)√2 / (a-r-(1- √2 / 2 ) ( a  -  r))] 
 
= 8m [a / (a – r)- (2- √2 ) + (1+ √2 / 2 ) ( a  -  r) /((a-r- a + r)+√2 / 2 ) ( a -  r))] 
 
  = 8m [a / (a – r) - (2- √2 ) + (1- √2 / 2 ) /  √2 / 2 ] 
 
 F = 8m (1/ (1- r/a) - 3 + 2 √2)                                                                  (3.32) 
 
Where 
F= the concentrated area load to cause flexural failure. 
M = Total internal moment along yield line.   
r = the width of the column. 
a = the width of the slab. 
 
3.4 Punching Shear Strengthening Of the Slab – Column Connection: 
The punching shear capacity equation suggested by the BS 8110 is: 
 
 Vc = [(0.79) (100 As / (bv d) ) (1/3) (400 /d ) ( 1/ 4) (fcu /25 ) ( 1/ 3)/1.25]*u*d    (3.33)                     
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Where  
Vc   = punching shear capacity of the slab 
As / (bv d) = the reinforcement ratio. 
u = perimeter at 1.5 d.  
As = tensile steel reinforcement. 
fcu =  ultimate compressive strength of concrete 
bv =width of the section of maximum shear force. 
d =effective depth. 
 
  This equation cannot be used to predict the punching shear capacity of 
the strengthened section, because it does not include the additional FRP 
reinforcement.   
Unfortunately, up to now, there is no expression in the available 
guidelines for the punching shear capacity of slabs strengthened with FRP. 
Several researchers [14, 35, 46, 49] concluded that the enhancement of the 
flexural capacity of the slab will lead to an enhancement in the punching shear 
capacity of the slab. To find expression for punching shear capacity for the 
strengthened slab, a relation between the flexural capacity and the punching 
capacity of the slab must be established. 
  Several experimentally and analytically based expressions have been 
proposed to evaluate the punching shear capacity of slabs and footing [54] . Most 
of these expressions recognized the influence of flexural strength on the 
punching shear capacity of the slab.  
One of the available design expressions in which the flexural strength 
capacity is considered a parameter in calculating the punching shear strength of 
the slab is the equation proposed by Mowrer and Vanderbilt [35], in which the 
punching shear capacity Pu  is given  as  
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  Pu   =        0.8 (1 + d / r) bo d fc^ 0.5                                                       (3.34) 
                     (1+ 0.433 bo d fc^ 0.5 / Pflex)  
 
Where 
Pu = punching shear resistance 
bo = perimeter of column  
fc = concrete cylinder compressive strength = 0.8fcu 
Pflex = load applied to cause flexural yield  
r = width of the column 
This equation shows that the increase in the flexural capacity will lead to 
an increase in the punching shear capacity. So for the flexural strengthened slab 
there will be an enhancement in the punching shear capacity.  
 
 3.5 FRP Separation Failure 
  Members strengthened externally with FRP can fail prematurely as a 
result of local FRP separation. This can be caused by two different mechanisms 
namely: peeling and debonding. 
Peeling failure often occurs at the ends of the FRP plate where there is a 
discontinuity as a result of the abrupt termination of the plate. It is normally 
associated with concentrated shear and normal stresses in the adhesive layer due 
to the FRP deformation that takes place under load. The magnitude of these 
stresses is influenced by various factors including the dimensions of the FRP 
plate, the mismatch in the modulus of elasticity of the FRP and the adhesive, and 
the shape of the bending moment diagram. Peeling failure usually results in 
ripping off the concrete cover along the level of the internal steel reinforcement, 
towards the centre of the member. 
Unlike peeling, debonding normally occurs away from the plate end,                     
debonding is generally associated with the formation of wide flexural and shear  
cracks that occur as a result of the yielding of the embedded steel bars. The wide 
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cracks generate high stresses in the FRP across the crack, which can only 
dissipate by debonding. This debonding can then propagate towards the plate 
end, leading to FRP separation failure. Also use of weak adhesive, improper 
application and inadequate preparation of the concrete substrate can lead to 
premature debonding. 
Plate separation is a controversial topic and the preceding descriptions are 
intended to provide a brief overview of some of the factors involved [5]. Early 
research on FRP separation failure suggested a number of possible approaches 
for combating this problem, including:  
? The use of plate end anchorage devices. 
? The use of flexible adhesives. 
? Imposing limits on the plate aspect ratio (i.e. breadth/thickness ratio). 
 
Bolted systems, bonded angle sections and composite straps bonded 
across the soffit of the plates are examples of plate end anchorage devices that 
have been proposed as possible methods of preventing FRP separation failure. 
However, none of these have proved to be entirely satisfactory and they are 
generally regarded as ineffective or impractical for normal use, particularly for 
slabs [53]. 
Although laboratory tests have demonstrated that flexible adhesives 
reduce the risk of premature plate separation, producing adhesive formulations 
that are flexible and yet have sufficient strength and stiffness to transfer shear 
force between the plate and concrete has proven to be difficult. 
Work on bonded steel plates showed that there is a significant relationship 
between plate aspect ratio and risk of peeling failure. It was further revealed that 
with aspect ratios greater than 50, premature failures can be avoided. This 
finding was subsequently incorporated in the U.K. Highways Agency Advice 
Note on steel plate bonding, BA 30 [6]. Unfortunately, there is presently 
insufficient test data on bonded FRP plates to establish an appropriate aspect 
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ratio for these materials. All that can be said at this stage is that, since FRP 
plates are normally applied in very thin sheets, FRP plates with aspect ratios far 
greater than 50 should be acceptable. 
 As stated above, plate separation is a controversial topic; much research 
is being directed towards the determination of the precise mechanisms involved.                    
However, it must not be forgotten that the present rules are semi-  empirical and 
their extrapolation to cases different from those upon which they are based must 
be undertaken with caution. 
Nevertheless, the result of further work suggests that if the simplified 
adequate procedure for analysis and design is adopted, a conservative solution to 
the problem of FRP separation will result. It is hoped that as more data becomes 
available, some relaxation of the design limits assumed in the procedures will be 
possible. 
Laboratory tests on plated beams have shown that the incidence of peeling 
failure will reduce if the increase in the tensile force in the FRP plate is gradual. 
Since the FRP plate will usually be terminated in the tension zone, the shear 
stress at the FRP/concrete interface should be kept to a minimum. For simply 
supported members, this condition will be achieved by stopping the FRP as 
close to the support as possible. 
Accordingly end plate separation failure can be avoided by addressing 
two criteria: 
1. Limiting the longitudinal shear stress between the FRP and the substrate. 
2. Anchoring the FRP by extending it beyond the point at which it is 
theoretically no longer required. 
 
3.6 Serviceability  
   Loads should not adversely affect the appearance or efficiency of 
strengthened structures. Generally, for the FRP strengthened structures, the 
cracks width should not exceed the limits recommended in BS 8110 and the 
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steel reinforcement should not yield under the service load; otherwise permanent 
deformations in the structure will result. Fatigue and stress rupture can be 
controlled by using lower design stresses. 
3.6.1 Crack Widths 
In normal cases, crack widths will not be excessive providing the FRP 
strengthening system has been properly installed. Where uncertainty exists, 
however, it should be verified that crack widths at service loads do not exceed 
the limits recommended in BS 8110. Guidance on calculating crack widths in 
reinforced concrete structures is given in Section Three of BS 8110: Part 2. This 
method can be adapted for FRP strengthened structures   by taking into account 
the transformed area of the FRP laminate in calculating the stress in the tension 
steel. The second moment of area of the section should be determined assuming 
that the long-term modular ratios of steel to concrete, αs  , and FRP to concrete, 
αf , are given by 
 
αs   = Es / (Ec / 2)                 (3.35) 
 
αf = Efd / (Ec / 2)                                                                            (3.36) 
 
It is worth noting that, in reality, calculating crack widths is not as 
straightforward as suggested here. This is because, as the FRP strengthening 
system is placed on the surface, the spacing of the cracks and hence the crack 
width is significantly reduced for the same strain. However, no detailed work 
defaming the extent of this reduction in crack width has been carried out. In the 
interim, therefore, the procedure outlined above, though was conservative, is 
recommended. 
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3.6.2 Deflections and Material Stresses 
Deflections can be controlled according to BS 8110 Part 1: clause 
5.4.6.1.1 by limiting the span / depth ratio.  
Long and short -term deflections can be calculated as per BS 8110 part 2 
provisions.   
The assumptions used in the analysis are as follows: 
? Strains are calculated on the basis that plane section remains plane. 
? The reinforcement is elastic with a modulus of elasticity of 200 
kN/mm 2 
? The concrete in compression is elastic. 
? The modulus of elasticity of the concrete to be used is the mean value 
given in BS 8110 : part 2, table 7.2 
For the singly reinforced partially cracked section shown in figure 3.5: 
 
  
 
  
 
 
 
          Figure (3.5): Partially cracked section stress and strain distribution 
 
To find the depth of neutral axis x, take moments about the neutral axis of the 
given section and transform the area of the steel and CFRP laminate using the 
given values of αs and αf respectively to obtain:  
 
bx2/2 = αs As ( d-x) + αf  Af (h-x)                                                           (3.37) 
 
b x2/2 + (αsAs + αf Af) x - (αs As d + αf Af h) = 0                                   (3.39) 
 
fft
Ts 
Af  
b  
h  
fst   
fc  Єc
єf  
x 
d  
Єs 
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Tc 
Tf 
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x  = - (αsAs + αf Af ) + √  (α s As + αf Af) 2 + 2 b (αs As d +  αf Af h)      (3.40) 
                                                     b 
The tensile force in the concrete Tc is given by:  
 
Tc = 0.5 fct (h- x) 2/ (d-x)                                                                          (3.41) 
 
Where   
fct    is the tensile stress in concrete at the level of the tension reinforcement. 
The tensile moment of resistance of the concrete is  
  
M ten = 2 Tc ( h – x) / 3                                                                                (3.42) 
 
Thus the net moment   Mnet will be  
  
Mnet = M – Mtent  ,                                                                                           (3.43) 
  
Where 
 M is the applied moment. 
 
The moment of inertia of the transformed section about the N.A axis Ieq   is 
obtained as:  
 
Ieq = 1/3 bx 3 + αs As (d-x) 2 +  αf Af ( h –x) 2          (3.44) 
 
 Hence, the curvature is given by  
 
1/r = Mnet / Ec Ieq                                                                                                                                            (3.45) 
 
The deflection (a) is calculated from 
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a =   k l 2 (1/ r )                                                                                              (3.46) 
In which k is a constant that depends on the shape of bending moment 
diagram, given in Table 3.1 BS 8110 : part 2 For the concentrated load at mid 
span k = 1/ 12 
The existing stress  
 
бc =Mapply / Ieq x ≤  бc allowable                                                                     (3.47) 
  
бs = αs Mappy  /I eq ( d-x) ≤ бs allowable                                                          (3.48) 
 
бf = αf Mapply / I eq (h- x) ≤ бf  allowable                                                          (3.49)                     
             
Where  
Tc , TS ,Tf = tensile force in the concrete ,steel and FRP respectively. 
fc = stress of concrete in compression. 
fst  = stress of steel in tension . 
fct = stress of concrete in tension 
As = tensile steel area 
x = depth of the N.A 
h =   depth of the beam 
d = effective depth 
b = width of the section 
l = span of the beam 
r = radius of curvature 
a = deflection 
Cc = force in the concrete in compression  
ES = modulus of elasticity of steel 
Ec = modulus of elasticity of concrete  
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αs, , αf = modular  ratio for steel and CFRP respectively 
 
3.6.3 Stress Rupture 
Rupture of the FRP may occur at service loads due to the sustained 
stresses that exist in the material. Therefore it is recommended that the 
maximum stress in the FRP at service loads, as a proportion of the design 
strength, should not exceed the values given in Table 3.4 [53]  . 
 
Table 3.4:  Maximum stress under service loads to avoid stress rupture as                      
proportion of design strength (%) [53] 
 
Material Maximum stress (%) 
Carbon FRP 65 
Aramid FRP 40 
Glass FRP 55 
 
3.7 Summary 
        Design of the FRP strengthened slab – column connection bases on the 
limit state principles.   
For the ultimate limit state the slab- column connection must be check for  
? Bending: 
The load which causes flexural failure was determined using two methods: 
i. Elastic method.  
ii. Yield line theory. 
? shear: 
The punching shear capacity will be determine using two formulas: 
  i. Shear capacity formula suggested by BS8110 to verify for its accuracy. 
             ii. Mowrer and Vanderbilt [35] , in which the flexural capacity of the 
connection was considered as one of the parameters .  
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? FRP separation failure 
To prevent plate separation failure there were suggested number of 
approaches such like; use plate end anchorage devices, or extend the FRP 
beyond the point at which is required, use flexible adhesive, and imposing limit 
for plate aspect ratio. 
For serviceability limit state the strengthened slab –column connection, it 
was recommended to: 
? Control the crack with as recommended by BS 8110. 
?  Control the deflection as recommended byBS8110  by limiting the span/ 
depth ratio, the long term deflection can be determine as per BS8110, but  
the formulas should be adjusted that the FRP into  taken into consideration . 
? Reinforcement should not yield under service load to prevent permanent 
deformation.  
? Fatigue and stress rupture can be controlled by using lower design stresses. 
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CHAPTER 4 
    Experimental Specimens and the Test Procedures 
 
4.1 Description of the Test Specimens:  
                  Two types of flat slabs specimens with column stub at the middle to 
represent the interior slab – column connection were used in this experimental 
investigation. Both were basically thin square plates of the same dimensions and 
both are orthogonally reinforced. One was reinforced with 9 T10 and the other 
by 9T12 each way. 
 
4.2 Characteristics of the Specimens:  
  
4.2.1 Specimens Dimensions: 
            The test specimens consisted of six square slabs of 850 X 850 X120 mm   
with a central square column stub 200 X 200 mm of 90 mm height to represent 
the interior slab–column connection. The column stub was cast monolithic with 
the slab as presented in figure (4.1). 
 
4.2.2 Reinforcement detail:  
              The specimens are divided into two series (A & B) according to the 
reinforcement details. Series A is reinforced with 9 T 10@100 mm c/c both 
ways and series B with 9 T12@100 mm c/c both ways as per figure (4.1), 
 casting and curing is explain in Figure(4.2). 
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                                             all dimensions in mm 
                                 a. Typical dimensions of the slab 
 
b. Reinforcement cage                                                    c.  Reinforcement cage in formwork             
Figure (4.1) Structural details of test specimen 
 
850
200
850 200
90
9T10  
OR 9T12  
90 120 
4T10  
  2- R6 @ 90 mm c/c  
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Figure (4.2): Casting and curing process 
 
4.2.3 Materials Used: 
The aggregates used were natural sand and crushed stone as fine and 
coarse aggregate respectively.  
The sand was locally available, free from impurities and silts (< 4%), and 
complying with the limits of the BS 882:1992.  Appendix A-1 shows the grading 
of sand. 
The Coarse aggregate is crushed stone with maximum size of 10 mm and 
crushing value of 19%. Appendix A -2 shows the grading of coarse aggregate. 
The tension reinforcements were high tensile deformed bars of 10 mm 
diameter for series A, and 12 mm diameter for series B. The stub was reinforced 
with four vertical plain bars of diameter 8 mm diameter, and two links of 6 mm 
diameter. All the reinforcements were tested according to the BS 4449 and the 
results are given in Appendix A-4.  
The cement used in concrete mix was ordinary cement manufactured by 
Gena factory for series A,   and by Atbra factory for series B. The test results for 
both types of cements according to BS 12:1996  are   presented in Appendix  
A-3. 
All of the slabs have the same concrete mix with a target compressive 
strength 30 Mpa, the concrete mix design was presented in Appendix A-7.    
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Each series of the slabs together with 9 standard 100*100*100 cubes were 
casted using one concrete batch .The results of   compressive strength of the 
cubes were given in Appendix A-8. 
The strengthening material for the all specimens was the carbon fiber 
reinforced polymer, which was Sika Carbodur Pultruded Carbon Fiber Plate; the 
specifications of which are given in Appendix A – 5. The plates were bonded to 
the tension face of the slab in two directions parallel to the directions of steel 
reinforcement.  
The Adhesive used to bond the CFRP plates to the concrete surface was 
the epoxy sikadur -30 given in Appendix A-6 . 
 
4.2.4 Design of the Control Specimens: 
   The control specimens were designed to fail in shear, the flexural 
capacity was determined by Elastic theory and yield line theory, while the 
punching capacity was determined by the BS8110-1987equation’s. The 
equations suggested by Mowrer and Vanderbilt [35] were also used to calculate 
punching shear capacity because many researchers verified that the BS 
equation’s are conservative.   
Thus the design of the specimens was carried out as follows: 
 
1. Specimen A: 
 
 
 
 
 
 
Figure (4.3): Structural details for specimen A 
 
 
90
9T10  
  
90 120 
UB 178X102X19 UB 178X102X19 
All dimension in mm  680 
4T10  
  2 - R6 @ 90 mm c/c  
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Lc/c = 680 mm (lx, ly)   , h = 120 mm ,  Ast = 7 Φ10  (549.8 mm2)  , 
  
fCU = 50.7 Mpa (Appendix A-8),  fy = 450.6  Mpa  (Appendix A – 3) , r = 200 
mm 
 
:Of specimen A Flexural Capacity 
 
    The Collapse load based on the flexural capacity of the slab can be estimated 
by either of the two following methods: 
 
 i. Elastic Analysis 
 
 Using Equation (3.25) of Chapter Three the total load to cause flexural failure 
is: 
 
      F   = m / (α x4+ υ α y4)     
      d    =120- 10 – 20                                                                   = 90 mm 
      ρs   =549.8 / (90* 680)                                                            = 0.009        
     m    = ρs fy d2 {1 – 0.45 (2.164 ρs fy / fcu   )}         
            = 0.009 * 450.6 *90 ^2 *{ 1 – 0.45 *2.164 * 0.009 *450.7 /50.7   
                                                                                                     = 30.287 kN.m/m 
     To find αx4 ,αy4   from table 55 Reynolds  
  
      K   = lx / ly = 680 /680                                                            = 1 
     ax   = ay = r + 2d   
            = 200 + 2*90                                                                    = 380 mm 
     ax/lx= 380 /680                                                                       = 0.56  
      ay /ly = 380/ 680                                                                      = 0.56 
      Therefore from figure for k =1   
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      ax /lx = 0.56 ,  
      ay /ly= 0.56      αx4  = αy4                                                         = 0.083          
      F    = m / (α x4 + v α y4 ) 
            = 30287 / (0.083 + 0.2 * 0.083)                                        = 304.09 k N 
                                                                                       
ii. Yield Line Theory     
Using equation (3.32) of Chapter Three  
       F   = 8 m (1 / (1 – r /a) - 3   + 2 √2 )  
       F   = 8* 30.287 *(1 / (1-200/680) – 3 + 2 √2)                       = 301.678 kN 
 
  of specimen A:Punching Shear Capacity  
The Collapse load based on the punching shear capacity of the slab can be 
estimated by either of the two following methods: 
 
i. Empirical Equation BS 8110 1985 
 
Equation (3.33) of Chapter Three is used to calculate the punching shear is:  
 
       Vc = 0.79 (100 As / bv d) (1/3) (400 /d) ( 1/ 4) (fcu /25 ) ( 1/ 3) *u*d   
  
          = 0.79 (0.009 *100) (1/3) (400 /90) (1/4) (50.7 /25) (1/3) *(12*90+4*200)*90    
                                                                                                       = 237.2 kN 
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ii . Mowrer and Vanderbilt Equation 
Equation (3.34) 0f Chapter Three, the punching shear capacity is:                            
      Pu =    0.8 (1  + d  / r)  bo d fc^ 0.5                             
               (1+ 0.433 bo d fc^ 0.5 / Pflex)  
=  320.789 kN          =   0.8(1+ 90 / 200) * 800 * 90 * (0.8*50.7/)^0.5  
             (1+ 0.433 * 800 *90 *(0.8*50.7/) ^0.5 / 301678) 
    
2. Specimen B: 
 
  
 
 
 
 
 
Figure (4.4) Structural details for specimen B1 
 
Lc/c = 680 mm (lx, ly)   , h = 120 mm,  ASt = 7 Φ12  (791.6 mm2)  ,  
fCU = 44 Mpa (Appendix A-8), fy = 473 Mpa (Appendix A– 3) , r = 200 mm 
 
of specimen B Flexural Capacity 
 
i. Elastic Theory 
 
Using Equation (3.25) of Chapter Three, the total load to cause flexural failure 
is: 
     F = m / (α x4+ υ α y4)                                                         
90
9T12  
90 120 
680
All dimension in mm
UB 178X102X19 UB 178X102X19 
4T10  
  2 - R6 @ 90 mm c/c  
 65
    d =120 - 12 - 20                                                                      = 88 mm  
     ρs     = 791.6 / (88* 680)                                                           = 0.013    
    m   =  ρs fy d2 {1 – 0.45 (2.164 ρs fy / fcu   )}         
    = 0.013 * 473 *88 ^2 *{1 –0.45 *2.164 * 0.013 *473 /44}                               
                                                                                                     = 41.138KN.m/ 
To find αx4 , αy4   from table 55 Reylond  
 
    K = lx / ly = 680 /680 = 1      
    ax = ay = r + 2d   
        = 200 + 2*88                                                                          = 376 mm         
   ax/ lx= 376 /680                                                                            = 0.57  
     ay/ ly = 376 / 680                                                                       = 0.57    
Therefore from the figure for k =1  
    For  
    ax / lx = 0.55,  
    ay/ ly = 0.55    αx4 = αy4 = 0.085      
     F    = m / (αx4+v αy4) 
           = 41138 / (0.085 + 0.2 * 0.085)                                              = 403.31 k N  
ii. Yield Line Theory 
  
Using equation (3.32) of Chapter Three, the load to cause flexural failure is :  
 
       F = 8 m (1 / (1- r / a) - 3   + 2 √2)  
                     = 409.77 kN            F = 8*41138 *(1 / (1-200/680) – 3 + 2 √2)   
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ty of specimen BPunching shear capaci 
 i. Empirical Equation BS 8110- 1985 
 
Equation (3.33) of Chapter Three is used to calculate the punching shear is:  
 
       VC = 0.79 (100 As / bv d) (1/3) (400 /d) ( 1/ 4) (fcu /25) ( 1/ 3) *u*d  
            = 0.79 (0.013*100) (1/3) (400 /88) (1/4) (44 /25) (1/3) *(12*88+4*200)*88 
                                                                                                              = 248.3 kN 
ii. Mowrer and Vanderbilt Equation 
 
Equation (3.34) of Chapter Three the punching shear capacity is:  
 
        Pu=        0.8 (1 + d / r) bo d fc^ 0.5                             
                     (   0.433 bo d fc^ 0.5 / Pflex)  
          =    0.8   (1+ 88 / 200) *800 *88*(0.8*44)  ^0.5                         = 336.2 kN 
  
             (1 + 0.433 *800*88 *(0.8*44) ^0.5 / 409770) 
                                  
4.2.5 Strengthening schemes 
BS 8110 states that the shear reinforcement shall be between 0.5d and 
1.5d from the column face, accordingly the positions of CFRP plates were 
proposed to be located within the same range for the shear reinforcement.  
Specimens A-2&B-2 were strengthened with 4 CFRP plates of 50 mm 
width symmetrically placed, in the four directions, at distance 65 mm from the 
face of column – thus the CFRP plates were put in the middle of the distance 
recommended by the BS 8110 for the shear reinforcement. These two slabs 
constitute the first strengthening scheme shown in Figure (4.4). 
 Specimens A-3&B-3 were strengthened with 8 CFRP plates, each two 
plates placed adjacent to each other to give a width of 100 mm, at the face of 
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column symmetrically placed in the four directions. These two slabs constitute 
the second strengthening scheme shown in Figure (4.5). 
       Specimens A-1& B-1 were left without strengthening as control specimens. 
. 
 
 
 
 
 
 
 
 
 
 
(a) First strengthening scheme                                         (b) Second strengthening scheme 
 
Figure (4.5): Strengthening schemes  
 
Test parameters, specimen designations, and relevant information 
pertaining to each specimen are provided in Table 4.1.  
 
Table 4.1: Test Parameter 
 
 
series Specimen 
designation 
Slab 
depth 
( mm ) 
Steel 
reinforcement 
CFRP 
plate 
width 
(mm ) 
Distance of 
the edge of 
plate from 
the face of 
column 
( mm ) 
Concrete 
strength fcu 
( Mpa) 
Reinforcement  
Strength  
(Mpa)  
A A1 120 9T 10 _ _ 50.7 450.6 
 A2 120 9 T 10 50 65 50.7 450.6 
 A3 120 9 T 10 100 0 50.7 450.6 
B B1 120 9 T 12 _ _ 44 473 
 B2 120 9 T 12 50 65 44 473 
 B3 120 9 T 12 100 0 44 473 
 68
 
4.3 Strengthening Procedure: 
 
4.3.1 Surface Preparation 
All the proposed positions were grinded using grinding hammer to 
remove the mortar layer and expose the coarse aggregates to achieve good 
bonding between the adhesive and the concrete. Then the surface was cleaned 
with wire brush and hover to remove all small particles as shown in Figure (4.6). 
   
 
 
 
 
 
Figure (4.6): Concrete surface preparation 
 
4.3.2 CFRP Plate Surface Preparation 
  The CFRP plates were cut to the required length 850 mm using 
mechanical cutter, and the surface on each sides of the plate was cleaned with  
sika colma cleaner and white cloth  to remove contaminates and carbon dust . 
The process, presented in Figure (4.7), was repeated until there is no change in 
the colour of the white cloth. 
 
 
 
 
 
         
     (a) Cutting of the CFRP plates               (b) Surface cleaning of the CFRP   plates                                         
 
Figure (4.7): CFRP Surface preparation 
 
b.   Surface   cleaning with the   
          brush and hover                
    
a. Grinding and grinding tools.  
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4.3.3 Adhesive Mixing  
 
The epoxy adhesive consists of two components, A with white colour, and 
B with black colour, to be mixed in the  ratio of A:B= 3:1 by weight. First each 
material was stirred in its original container and then the recommended amount 
of component B was added to that of A. The two components were mixed 
together using a low speed electric mixer (480 rpm) for about three minutes to 
reduce the entrained air. Figure (4.8) illustrates this process. 
 
 
                                           
 
 
 
 
 
 
 
 
a. Mixing component A     b. Mixing component B.  
                
 
 
  
 
 
 
 
 
 
 
 
 
 
     
 
d. Weighting component B      e. weighting component A           f. Mixing the  
                                                                                                    two components    
Figure (4.8): Adhesive mixing  
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4.3.4 Application of strengthening  
             The well-mixed sikadur adhesive is first applied to the cleaned   substrate 
in a convex shape with plastering techniques to give a thickness of  1-2 mm, and 
then applied to the cleaned carbodur laminate.  The coated laminate is then 
placed onto the coated concrete surface and pressed with a rubber roller until the 
adhesive is forced out on both sides of the plate. The excess adhesive is to be 
removed with a scraper. 
        To insure good bonding at the intersection of the plates, the surface of the 
first plate is cleaned with the colma cleaner before applying the adhesive.   
        Figure (4.9) illustrate this process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.9): Installation process    
a. Application of epoxy to substrate b. Application of epoxy to CFRP plate    
c. Pressing of CFRP laminates to slab d. Strengthening scheme 1   
e. Strengthening scheme 2   
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4.4 Test Set Up 
 
The test set up and the experimental procedures are the same for all 
specimens. Each specimen was mounted onto a square frame 770 X770 mm  
made of  UB 178X102X19, thus the specimen extended  40 mm  beyond the 
centre lines of the UBs.   This represented a simply supported condition with the 
corners free to uplift. Pieces of 6 mm plates were welded to the top  of the UB 
with gaps in positions of the  CFRP plates to prevent    pressing them by the slab 
during the loading process. 
The square frame was placed diagonally on two opposite stiff  I beams; 
thus each member of the UB frame members was supported at its middle as 
shown in figure (4.10)  
 The load was applied by hydraulic jack concentric with the column stub.  
A dial gauge to measure the deflection at the middle was put under the slab at 
the middle. The load was applied at 3 tons increments until failure. 
  At the end of each test, the distance at which the shear cracks appeared 
away from the column face was measured and the crack pattern for each 
specimen was carefully examined. 
Loads and deflections readings are presented in Appendix A.9  
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a. Square frame on the stiff beams                               b.  Test set up 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c. the hydraulic machine reading                              d. Dial gauge 
 
 
Figure (4.10) Test set up and readings instruments 
 
 
 
 
 
 
 
 
 
 
 73
 
CHAPTER (5) 
ANALYSIS OF RESULTS AND CONCLUSION  
  
5.1 Failure Modes  
 
5.1.1 Control Slabs: 
  Each slab was loaded until failure. The cracks started with flexural cracks 
along the perimeter of the column, extending from the corners of the column in 
a diagonal direction and then forked out as they approached the corners of the 
slab. The cracks extended excessively until punching shear cracks appeared 
around the stub column at distance of about 2d from the face of column and 
finally the slab failed in a clear punching shear mode with the column stub   
penetrating the slab from the tension side as shown in photo of Figure (5.1). The 
failure load for both specimens A1and B1 was 340 kN; which is much higher 
than the predictions of BS8110 equation.   
                
 
 
 
 
 
 
 
 
 
 
 
 a. Crack pattern at failure for slab A1                   b. Crack pattern at failure for slab B1 
 
Figure (5.1): Typical crack pattern for control specimens 
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The deflections values in slab B1 was less than in slab A1, which show 
clearly that the increase in the reinforcement ratio affects the flexural capacity 
more than the punching shear force, see figure (5.2) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (5.2): Load versus deflection for the control specimens 
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5.1.2 Strengthened slabs: 
Series A: 
  Unfortunately Slab A-2 and A-3 showed premature failure due to the 
debonding of the CFRP plates at the ends of the slab with the same punching 
shear failure load of 340 kN of the control specimens. 
  Cracking in specimen A2 started with flexural cracks around the column 
but the CFRP plates prevented them from progressing to the corners of the 
specimen. Punching shear cracks appeared at distance of about 2d from the face 
of column and as the load reached 340 kN, debonding at the ends of the plates 
occurred and the specimen suddenly failed by punching shear.   
In slab A-3 no flexural cracks were observed until the punching cracks 
appeared at the same distance of 2d from the face of column, followed by failure 
in an identical manner to A-2.  
The load- deflection curve for series A shows that the use of CFRP plates 
reduces the deflections value significantly for specimen A2, and A3.   
Figure (5.3) shows the failure modes while Figure (5.4) shows the load-
deflection curves for the specimens of series A. 
 
 
   
 
 
 
 
 
 
 
Figure (5.3): Crack pattern at failure for series A 
 
 76
 
 
 
Figure (5.4): Load versus deflection for series A 
 
Series B:  
Slabs B-2 and B-3 also showed premature failure due to the  debonding of 
the CFRP plates at their ends.   
Slab B-2   behaved in the same manner as slab A-2  but with higher loads 
for the first flexural and punching shear cracks.   
   For Slab B-3 no cracks were observed until the debonding of plates   
took place, followed by punching shear failure. 
Also here the load- deflection curve for series B shows that the use of 
CFRP plates reduces the deflections value significantly for specimen B2, and 
B3.   Both slabs failed at the same load of 340 kN. 
Figure (5.5) shows the failure while Figure (5.6) shows the load-
deflection cures for the specimens of series B. 
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Figure (5.5): Cracks pattern at failure for series B 
 
 
 
Figure (5.6): Load versus deflection for series B 
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5.2 Summary and Conclusion: 
 
Six two–way  square slabs with a 90 mm high column stub at the centre 
were tested under static concentrated load through the column stub to induce 
punching shear failure The dimensions of the slabs were 850x850x120 mm and 
those of the column stub were 200x200mm. 
Four of the slabs were strengthened with CFRP laminates in two different 
schemes: 
         In the first scheme single strips were bonded to the tension face of the slab 
at a distance of d/2 from the column faces in the four directions.   
         In the second scheme two strips-placed side by side- were bonded to the 
tension face of the slab at column faces in the four directions. 
 The remaining two specimens – the control specimens –were left un 
strengthened. 
The comparison between theoretical & experimental failures is presented 
in Table (5.1) below. 
 
Table (5.1) Theoretical& experimental failure load  
 
Specimen 
 
Theoretical Flexural 
capacity 
Theoretical Punching shear 
capacity Experimental 
failure load 
(KN) Elastic 
theory 
(KN) 
Yield line 
theory 
(KN) 
equation by 
BS8110 
(KN) 
Mowrer and 
Vanderbilt 
(KN) 
A 304.09 301.6 237.2 320.79 340 
B 403.31 409.77 248.3 336.2 340 
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The following conclusions are made      
 
• The equation of punching shear capacity recommended by the BS 8110, 
1985 for unstrengthened slab [clause 3.5.3] is conservative. 
 
• The proposed equation by Mowrer and Vanderbilt to determine the 
punching shear capacity for unstrengthed slabs shows good agreement 
with the experimental values for the control specimens.  
 
• Although the use of CFRP plates to strengthen slabs for punching 
increases the stiffness and delays the formation of cracks, it promotes the 
brittle mode of failure. 
 
• For the range covered by this study the debonding failure is the governing  
Mode of failure for the strengthened slabs. 
 
• First strengthen scheme (single strip bonded to the tension slab face at   
distance d/2 ) is more  suitable for punching shear  enhancement than the 
second one (two strips-placed side by side bonded to the tension  slab face 
at column faces in the four directions) because the second scheme 
increases the brittle mode of failure. 
 
• The use of CFRP laminates to strengthen slabs for punching shear is 
hindered by the debonding problem. 
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5.3 Recommendations for future studies: 
 
•  The ease of application of CFRP laminates to strengthen slabs for 
punching shear justifies further research on the debonding problem. 
 
• Further suggestions for suitable devices to prevent debonging failure. 
 
 
• Further investigation for the ductility behavior for the strengthened 
systems to prevent brittle failure mode. 
 
• Further seeking for other formulas for punching shear capacity for slabs. 
 
  
• Extension of the proposed slab – column connection experimental model 
to simulate the realistic flat slab system. 
 
• Use of first proposed strengthened scheme was more suitable than the 
second one, as the second strengthening scheme enhancement the brittle 
mode of failure. 
 
 
• On basis of the experimental results of the tested specimens the 
debonding failure can be expected to happen at load more than 80% of the 
total load capacity.  
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A.1 Sand Tests 
Sieve Analysis 
Table A.1 Sand sieve analysis Results 
 
BSS R %R %P 
10 4 
 
1 99 
5 10 2.4 97.6 
2.36 25 6 94.0 
1.18 71 16.9 83.1 
0.6 164 39.0 61.0 
0.3 272 64.8 35.2 
0.15 390 92.9 7.1 
TOTAL 
(PAN) 
 
420 100 0.0 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (A.1) Sand sieve analysis curve  
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Sand type: medium fine (see BS 882: 1992, table 4) 
  
Where  
R: cumulative retained weight per grams 
%R: percentage of retained weight  
% p: percentage of passing weight  
Total: total weight of sample per grams 
BSS; British standard sieves  
Dust, silt and clay content: < 4% ok 
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A.2 Aggregate tests: 
  
Table A.2 Course Sieves analysis    
  
BSS R  %P 
50.0 0 0 100 
37.5 0 0 100 
20.0 0 0 100 
14.0 0 0 100 
10.0 183 10.5 89.9 
5.0 1564 85.9 14.7 
total 1820 100 0 
  
  
    
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Figure (A.2) Course sieve analysis curve 
  
The tested sample complied to 10 mm single size aggregate 
  *Crushing value            = 19 % 
Absorption                   = 1.6 % *  
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A.3 Cement  
a. Atbara cement 
  
Requirement of BS12:1996 Result   Test 
Test  
(NO) 
- 28 % Consistency 1 
  
 
Not less than 60 min 
  
Not more than 10 hrs 
  
  
2:15  
  
2:55 
Setting time  
 
a. Initial  
 
b.Final 
2 
 
 
 
 
Equal to or greater than 10 N/mm2  
 
 
 
 
 
 
   
  
  
17.3  
18.6 
18.6 
 
32.2 
30.5 
34.1  
Compressive strength 
2 days 
1 
2 
3  
28 days  
1 
2 
3 
3 
  
b. Gena cement 
  
Requirement of BS12:1996 Result   Test 
Test  
(NO) 
- 27 % Consistency 1 
  
 
Not less than 60 min 
  
Not more than 10 hrs 
  
  
2:00  
  
2:50 
Setting time  
 
a. Initial  
 
b. Final 
2 
  
  
 
Equal to or greater than 10 N/mm2  
 
 
 
 
 
 
   
  
  
20.1  
20.8 
21.7 
  
47.3  
47.6 
47.9 
Compressive strength  
2 days 
1 
2 
3  
28 days  
1 
2 
3 
3 
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A.4 .1 Reinforcing steel Φ 10 (deformed) 
  
Elongation 
      % 
Fu/FyStrength N/ mm2Weight 
Kg / ml
Effective  
Cross 
Section 
Area 
(mm2)
Diameter (mm) Specimen  
Designation 
ultimateyieldeffectiveNominal
201.596914340.64081.510.181011
221.547084560.61678.810.022
191.527034620.61878.710.013
 
 
 
 
 
  
  
A.4.2 Reinforcing steel Φ 12 (deformed)  
  
Elongation 
      % 
Fu/FyStrength N/ mm2Weight 
Kg / ml
Effective  
Cross 
Section 
Area 
(mm2)
Diameter (mm) Specimen  
Designation 
ultimateyieldeffectiveNominal
271.346314700.880112.111.941211
271.336404800.88112.111.942
231.296424960.883112.511.973
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A.5 Sika carbodur plates product sheet  
 94
  
  
  
 95
  
  
  
  
 96
  
  
  
 97
  
  
  
 98
  
  
  
 99
A.6 sikaduar -30 product sheet 
 
  
  
 100
  
  
 101
  
  
 102
 
 103
 
 104
 
 
 
 
 
 
 
 
 
 
 
 
 
 105
 
 
 
 
 106
 
 
 
A.8 Compressive Concrete Strength Tests 
 
 
Mixture 
slump 
(mm)  
Strength 
(N/mm2)  
Failure 
load 
(kN)  
Weight 
(kg)  
Cubes 
dimension 
(mm)  
Age 
(days)  
Date of test  Date of 
cast  
Series 
NO.  
60  
24.5  245  2.585  
100*100*100
 
 
3  4.6.2009  
1.6.2009  A  
26.0  260  2.54  
27.5  275  2.51  
33.0  330  2.58  
100*100*100 
 
 
7  8.6.2009  36.0  360  2.58  
35.5  355  2.55  
49.0  490  2.58  
100*100*100 
 
 
77 
  
17.8.2009  
  50.0  500  2.54 
53.0  530  2.34 
60  
27.5  275  2.55 
100*100*100 
 
 
3  18.6.2009  
15.6.2009  
26.5  265  2.54 
26.5  265  2.57 
36.0  360  2.58 
100*100*100 
 7  22.6.2009  35.5  355  2.4 
31.0  310  2.35 
45.5  455  2.54 
100*100*100 
 88  13.9.2009  38.5  385  2.55 
48.0  480  2.6 
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slab A1 -A.9.1 Load Deflection Results   
 
  
Remarks Deflection 
(mm)
Load ( kN) 
 0 0 
 1.75 30 
 3.75 60 
 4.65 90 
 5.5 120 
Flexural cracks 6.35 150 
 8.35 180 
9210 
 9.5 240 
Shear cracks 10.8 250 
 11.9 260 
 12.15 270 
 12.4 280 
 12.87 300 
 13.05 310 
13.25320 
 13.3 330 
 17.65 340 
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slab A2 -A.9.2  Load Deflection Results   
  
  
RemarksDeflection 
(mm)
Load (kN)
 0 0 
 1.03 30 
 2.83 60 
 4.53 90 
 5.13 120 
5.58 150 
Flexural cracks 6.03 180 
 7.03 210 
7.43 240 
Shear cracks 8.83 270 
 9.43 300 
 9.83 330 
 14.93 340 
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slab A3 -A.9.3 Load Deflection Results   
 
  
RemarksDeflection 
(mm)
Load ( kN)
 0 0 
0.73 30 
 1.63 60 
 2.53 90 
 4.03 120 
 4.53 150 
 5.43 180 
 6.23 210 
 6.9 240 
 7.9 270 
Shear cracks 8.5 300 
 9 330 
12.5 340 
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slab B1 -Load Deflection Results  A.9.14  
 
  
RemarksDeflection 
(mm)
Load ( kN)
  0 0 
 0.8 30 
  1.4 60 
  3 90 
  3.5 120 
Flexural cracks 5 150 
  5.45 180 
  6.9 210 
  7.35 240 
Shear cracks  8.8 270 
  9.7 300 
  10.75 330 
 15.9 340 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
 
 
 
 
 
  
 111
  
slab B2 -A.9.5 Load Deflection Results   
 
  
RemarksDeflection 
(mm) 
Load ( kN)
  0 0 
  0.65 30 
  1.45 60 
  2.03 90 
  2.52 120 
 3.48 150 
  3.93 180 
Flexural cracks 4.35210 
  4.77 240 
  5.21 270 
Shear cracks  5.65 300 
  6.23 330 
  10.23 340 
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slab B3 -A.9.6 Load Deflection Results   
 
  
RemarksDeflection 
(mm)
Load ( kN)
  0 0 
  0.59 30 
  1.09 60 
  1.89 90 
  2.04 120 
 3.39 150 
  3.89 180 
 4.09 210 
  4.69 240 
  4.89 270 
  5.39 300 
  5.89 310 
  6.09 320 
  6.49 330 
Shear cracks  7.09 340 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
